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... and eventually human beings arrived. The human beings were 
different primarily because they were the only species intensely curious 
about their surroundings. In time, mutations occured, and an odd subset 
of humans began roaming the land. They were arrogant. They were not 
content to enjoy the magnificence of the universe. They asked "How9". 
How was the universe created9 How can the "stuff' of the universe 
be responsible for the incredible variety in our world: stars, planets, 
sea otters, oceans, coral, sunlight, the human brain9 The mutants had 
posed a question that could be answered - but only with the labor 
of millennia and with a dedication handed down from the master to 
student for a hundred of generations The question also inspired a great 
number of wrong and embarrassing answers. Fortunately, these mutants 
were born without a sense of embarrassment. The were called physicists 
- Leon Lederman with Dick Teresi in 'The God Particle' [ 1 ] 
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1 
Elementary Particles 
Nothing exists except 'átomos' and empty space, 
everything else is opinion 
- Democntus (4tK century В С ) 
1.1 Introduction 
Elementary particle physics or high energy physics attempts to describe nature at a fundamental 
level The objects of investigations are the ultimate constituents of matter, their interactions and 
the particles which mediate these interactions 
For millenia mankind has tried to understand nature A number of concepts still in use today 
were already introduced by the ancient Greek philosophers For instance, the notion that matter 
consists of indivisible building blocks (atoms) was first introduced by Democntus around 400 В С 
About the same time Empedocles launched his vision that all materials were composed of only 
four "elements" earth, water, air and fire 
Obviously the meaning and interpretation of these concepts has changed since the epoch of 
the ancient philosophers The atom was revitalised by the work of Dalton in the 19 th century 
The role of the original four elements was replaced by almost a hundred chemical elements, 
culminating in the construction ot the periodic table of the elements by Mendeleev in 1869 The 
empty places in the periodic table belonged to elements still to be discovered Based on their 
expected chemical properties some elements were indeed observed within a few years and proved 
the periodic table to be successful Furthermore, the regularity of the periodic table suggested an 
underlying structure It took the discover) of both the electron [2] and the atomic nucleus [3], 
together with the development of quantum mechanics to explain this structure After the discovery 
of the neutron [4—6] also the composition of the nucleus became evident The elementary particles 
needed to form the atoms of the chemical elements thus are the electron, the proton and the neutron 
This relatively low number of fundamental particles increased again in the 20 t h century New 
particles were discovered in cosmic ray observations and at particle accelerators The regular 
pattern in the quantum numbers of these particles suggested yet another layer of substructure, 
ι e the existence of even more fundamental constituents [7] Nowadays, the so-called Standard 
Model incorporates the theories which describe these constituents and their interactions 
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1.2 Standard Model 
Elementary particles are those particles which supposedly have no substructure Our present-day 
understanding is that all matter is built from the relatively small number of fundamental fermions 
tabulated in table 1 1 
These fermions fall into two main categories, quarks and leptons, which come in three 
generations Each generation (or family) consists of two quarks and two leptons The most 
obvious difference between the generations is the mass of their members The mass increase 
over the generations has been observed both for the quarks and the charged leptons Compare 
for instance the electron (c) and its heavier cousins, the muon (μ) and the tau-lepton (τ) For the 
neutral leptons, the neutrinos, no masses could be determined so far and thus here the situation 
might be different The general assumption nowadays is that neutrinos are massless As a con­
sequence, they are also assumed to be stable in contrast to the charged leptons of the second and 
third generation 
Family Quarks Leptons 
Symbol Electric Mass Symbol Electric Mass 
charge [e] [c~2] charge [e] [ c - 2 ] 
2 - 8 [MeV] i - І 5110 [keV] 
5-15[MeV] -\
c
 0 < 5 1 [eV] 
100-300 [MeV] μ -1 105 7 [MeV] 
( 1 0 - 1 6) [GeV] Ύ μ 0 < 0 16 [MeV] 
(4 1 - 4 5)[GeV] τ - 1 1777 1 + ^ [MeV] 
(180 ± 1 2 ) [GeV] -yT 0 < 31 [MeV] 
u 
d 
s 
с 
b 
t 
+2/3 
-1/3 
-1/3 
+2/3 
-1/3 
+2/3 
Table 1.1 Overview of the fundamental fermions The mass values are taken from [8] 
For each mentioned particle, an antiparticle exists with the чате mass but opposite 
charge and lepton number 
The four fundamental forces (or interactions) between the fundamental particles is another 
important issue to discuss Table 1 2 gives an overview of the forces and their mediators In the 
field of elementary particle physics, the effect of gravity can usually be neglected and is, therefore, 
merely mentioned here for completeness Gravity is the dominating force, however, on a cosmic 
scale 
The forces between the fermions are described by so-called gauge theories Gauge theories 
are a special class of relativistic quantum field theories, which describe a force as the exchange 
of force carrying gauge particles or intermediate vector bosons The quantum field theory which 
has been developed over the last decades and which incorporates the elementary fermions and 
three of the four fundamental interactions is known as the Standard Model (SM) [9-13] Upto the 
present-day all experimental evidence seems to confirm this model The SM has a number of free 
parameters which are to be determined by measurements These parameters are the 3 coupling 
constants (for the electromagnetic , weak and strong force respectively), 6 quark masses, 3 quark 
mixing (Cabibbo) angles, 1 CP violating phase (section 1 2 1 ), 2 parameters for the Higgs potential 
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Force 
Gravitation 
Electromagnetic 
Weak 
Strong 
Mediator 
graviton 
photon 
weak vector 
bosons 
gluon 
Symbol 
Ύ 
W± 
Ζ 
g 
Number 
1 
1 
2 
1 
8 
Spin 
[M 
2+ 
i-
i-
i-
i-
Electric 
charge [e] 
0 
0 
±1 
0 
0 
Mass 
[GeV/c2] 
0 
0 
80 32 ± 0 19 
91 188 ± 0 007 
0 
Table 1.2 Overview of the fundamental interactions m nature and their mediators The 
existence of the hypothetical graviton is not experimentally confirmed 
(the mass and vacuum expectation value of the Higgs boson, section 1 2 3), and 3 charged Iepton 
masses, thus totalling to 18 independent parameters [14] In the situation of massive neutrinos 
7 more (mass, mixing and phase) parameters enter into the model 
Questions which remain unsolved are for instance the ratio particle-antiparticle in the universe 
as we know it, and what is the nature of "dark matter" Also the number of generations of 
fundamental fermions is not predicted in the framework of the SM 
1.2.1 Electroweak Interactions 
The electromagnetic force acts upon all electrically charged particles and those with a magnetic 
moment A mathematical formulation of electricity and magnetism is given by the well-known 
Maxwell's equations (1864) A theory called the Quantum Electrodynamics (QED) [15-19], 
which in fact was the first gauge theory in particle physics, has been developed in more modern 
times to describe the electromagnetic interactions among charged particles The mediator of the 
electromagnetic force (or the quantum of the electromagnetic field) is the massless photon which 
couples to the electromagnetic current The electromagnetic interactions can be represented by 
so-called Feynman diagrams 
The weak force acts upon different types of particles in a universal way Hence, all known 
fundamental fermions are sensitive - to the same extend - to the weak force Moreover, the 
neutrinos exclusively experience the weak force 
A model for the weak interactions was introduced by Fermi in 1933 [20] In this model a four-
fermion point interaction accurately describes the low energy behaviour of the weak interactions 
(e g nuclear β decay) However, the model breaks down when its predictions are extrapolated to 
high energies 
This problem has been successfully solved in a gauge theory known as the Glashow-Weinberg-
Salam (GWS) model [21-23] The GWS model makes correct predictions concerning weak 
processes which occur at high energy Within this model the weak interaction is mediated by the 
three massive intermediate vector bosons Because of its massive mediators, the W* (charged 
current) and the Ζ (neutral current), the range of the weak force is small This in contrast with the 
range of the electromagnetic force, which is mediated by the massless photon The GWS model 
4 1. Elementary Particles 
also provides a unified description of the electromagnetic (QED) and the weak interactions which 
yielded the now well-established electroweak theory The striking mass difference between the 
mediators of the unified electromagnetic and the weak force, respectively, is accomplished through 
the Higgs mechanism (see section 1 2 3) 
The leptons and quarks introduced m table 1 1 form, in each generation, doublets with a 
quantum number called weak isospin Within the framework of the electroweak model, the 
mediators of the charged current induce change-overs between the members of a weak isospin 
Iepton doublet, ι e the coupling to the W* takes place strictly within this particular lepton doublet 
For instance, a lepton can be converted into its associated neutrino, with the emission of a 
(virtual) W (lr —> -vi + YV") No cross-generational couplings among leptons have ever been 
observed, which in fact is embedded in the laws of lepton number conservation 
The charged current interaction among quarks is slightly more complicated than the interac­
tion between leptons, although the generation structures of leptons and quarks are quite similar 
This complication arises due to the fact that the weak isospin eigenstates are a mixture of the 
physical mass eigenstates, and hence the weak interactions do not strictly respect their separate 
identities Consequently, cross-generational transitions among quarks are possible Take, for 
example, the situation of a second generation charm (c) quark which can decay into either a 
second generation strange (s) quark, e g D° —> K~+e++"v
c
, or a first generation down (d) quark, 
eg D° —> π + e + +-v
c
 The Cabibbo-Kobayashi-Maskawa (CKM) [24,25] matrix gives an ex­
plicit parametensation for the inter-family transitions The level to which this cross-generational 
mixing occurs has to be experimentally determined (heavy quark decay, deep inelastic neutrino 
scattering) since the theory does not predict this 
The symmetries С (particle-antiparticle interchange or charge conjugation) and Ρ (space 
inversion or parity transformation) are largely violated in the weak interactions The product CP 
seemed to be a good symmetry until CP violation was observed in K° decays (and larger violation 
effects are anticipated in B° decays) This CP violation arises within the Standard Model as a 
direct result from the single phase which enters the CKM matrix In fact, the existence of the 
third generation of fundamental fermions was postulated by Kobayashi and Maskawa to explain 
CP violation [25] 
1.2.2 Strong Interactions 
The quarks are the only particles which are sensitive to the strong force The renormahzable 
gauge theory which describes the strong force is called Quantum Chromodynamics (QCD) The 
role of the charge in QCD is played by the so-called colour quantum number [26] which is usually 
visualised by the three colours red, blue and green Since the leptons do not carry the colour 
quantum number they are never participants in strong interactions The mediators of the strong 
force are the massless gluons which couple to the colour charge The eight gluons are bicoloured, 
ι e they carry one "positive" and one "negative" unit of colour The gluons couple directly to one 
another because they are coloured This in contrast to the photons of QED which do not (to first 
order) exhibit the feature of selfcoupling Therefore the QCD theory is more complicated than 
QED 
As a direct consequence of the gluon selfcoupling, the coupling constant of QCD (a
s
) has a 
strong dependence on the energy scale of the interaction At high energies (small distances) a
s 
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decreases logarithmically, a phenomenon known as asymptotic freedom. Quarks always appear 
to be confined in clusters to form colourless (white) combinations. Particles built of quarks -
hadrons - must fit in this colour scheme. The hadrons can be divided into mesons and baryons. 
The mesons, e.g. pions and kaons, are bound states of a quark and an antiquark. The baryons 
consist of three quarks (or antiquarks). Neutrons and protons are examples of baryons. Searches 
for isolated quarks failed. It is believed that the large value of a
s
 explains the phenomenon of 
confinement. 
Another important consequence of the large value of <x
s
 in the low energy regime 
(~0.4 at 1 GeV) is that perturbation theory can only be applied for high energies, where the 
effective coupling strength for QCD is sufficiently small. This in contrast to the situation of QED, 
where perturbation theory proved successful over a wide range of energies. At low energy scales, 
or equivalently at large distances, nonpertubative techniques must be used to calculate the strong 
interaction processes. However, such methods have not yet reached the same level of predictive 
power as pertubative theory does in the high energy regime. Phenomenological models have 
been developed to describe for instance the process of hadronization, i.e. the transformation of 
quarks and gluons into hadrons. Hence, hadronization is a nonpertubative process which typically 
happens at the energy scales of the order of a few GeV, the scale of hadron masses [27,28]. 
1.2.3 Higgs Mechanism 
Both for the electromagnetic and the strong interactions the principle of local gauge invariance is 
successful. The mediators for the electromagnetic and the strong force, the photon and the gluon 
respectively, do not have mass. 
The application of a renormalizable theory to the weak interactions was stymied by the fact 
that the mediators of these interactions were massive. Initially, the gauge principle seemed hard to 
reconcile with these massive mediators. A solution to this problem was found in the form of the 
Higgs mechanism [29-32], which invokes the spontaneous breaking of the gauge symmetry. Its 
introduction in the original GWS model allowed massive gauge bosons, while at the same time it 
preserved the renormalizability [33-35] of the model. 
The Higgs mechanism postulates a field which permeates the vacuum and is the same every­
where. The (rest) masses of particles in the SM are a reflection of their coupling strengths to this 
so-called Higgs field. The quantum of the Higgs field is the scalar Higgs boson. The coupling to 
the field happens at every location and without a directionality, hence spin 0. 
The Higgs formalism thus solves divergences that would otherwise occur in the scattering 
cross-section of intermediate vector bosons, when extrapolated to energies above 1 TeV. Therefore 
the Higgs mechanism is indispensable to the gauge theory of electroweak interactions within 
the SM. 
1.3 Experimental Status 
The third generation of fundamental fermions has only been observed two decades ago. With 
exactly two generations of quarks and leptons physics looked neat in 1974. However, the existence 
of a heavy lepton (τ) was demonstrated experimentally in 1975 [36] (whereas its accompanying 
neutrino (Ύ
Τ
) was assumed and still is to be observed). To restore the balance between the number 
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of quarks and leptons, two more quarks were postulated. A fifth quark, now known as the bottom 
quark, was observed almost in 1976 ("oops-Leon" [37]) and definitely in 1977 [38] The evidence 
of the existence of the sixth (top) quark was announced recently (1994) [39] and confirmed one 
year later with more statistics [40,41]. 
Although the Standard Model does not predict the number of generations, experiments at the 
Large Electron Positron (LEP) collider have shown that there are most likely not more than three 
of these generations. The number of light neutrino types (N
v
) has been determined to be three 
(N
v
 = 2.983 ± 0.025 [8]) by a detailed study of the Ζ resonance. It is generally assumed that 
this also fixes the total number of generations 
Since the first theoretical description of the weak force it was known that its mediator had to 
be heavy, because of the short range. The mediator was also believed to be electrically charged, as 
weak nuclear phenomena apparently always shuffled around electric charges. After the unification 
of the electromagnetic and the weak forces it was predicted that an electrically neutral counterpart 
of the charged mediator existed. The neutral current was discovered at the Gargamelle bubble 
chamber at CERN in 1973 [42] 
The next major success of the electroweak theory was the actual experimental observation of 
both the charged (W*) and the neutral (Z) mediators. First, the charged W* gauge boson was 
observed at CERN in 1983 [43,44]. The Ζ boson was observed a few months later [45,46] 
Although it is generally accepted that the Higgs boson exists, its mass is still unknown. 
The observation of the Higgs boson is one of the primary objectives of elementary particle 
physics today. The anticipated Large Hadron Collider (LHC) will primarily be constructed to 
experimentally confirm the existence of the Higgs boson and to check whether the electroweak 
symmetry breaking is correctly described by the postulated Higgs formalism. This collider, which 
is presently being designed at CERN, is the subject of the next chapter. 
2 
Large Hadron Collider 
And the Lord came down to see the accelerator, which the 
children of men builded. And the Lord said, Behold the 
people are unconfounding my confounding. And the Lord 
sighed and said, Go to, let us go down, and there give them 
the God Particle so that the many see how beautiful is the 
universe I have made 
- The Very New Testament, 111 [1 ]. 
2.1 Experimental Particle Physics 
A brief description of the elementary particles and their interactions has been given in chapter 1 
Various aspects of experimental particle physics, in particular at the Large Hadron Collider (LHC), 
will be introduced in this chapter. 
The Standard Model has been tested successfully and with high accuracy at several high energy 
particle accelerators around the world. Today's most energetic colliding beam accelerators are the 
Large Electron Positron (LEP) at CERN, the Tevatron at FNAL and the Hadron-Elektron Ring 
Anlage (HERA) at DESY. 
In the projected LHC machine, protons will be accelerated to collide at energies high enough 
to produce Higgs bosons. Protons were chosen as colliding particles in the LHC since they 
suffer much less from energy loss due to synchrotron radiation than electrons do (because of the 
heavier mass of the proton). A drawback of this choice of particle is that a proton is a composite 
object During a collision of two protons, at the energies foreseen for the LHC, it will be arduous 
to disentangle which of the individual constituents of the protons, quarks and gluons, actually 
collided and which were merely spectators. Another disadvantage of the compositeness of the 
proton is the fact that the proton as a whole carries the nominal beam energy but its constituents 
only have an unknown fraction of this energy. Hence, to achieve constituent collision energies 
well above 1 TeV - the upper limit of the possible mass range of the Higgs boson as is discussed 
in section 2.4.1 - proton beams of several TeV will be required. 
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2.2 LHC: Proton-Proton Collider 
The Large Hadron Collider is planned to be constructed in the existing tunnel, with its 26 7 km 
circumference, of the Large Electron Positron collider at CERN [47-50] The complex of the 
existing and planned beam lines is shown in figure 2 1 The LHC accelerator will replace the 
LEP collider, which recently has been upgraded for higher energies to produce W+W" pairs The 
LEP accelerator will continue its physics programme until the beginning of the next millennium 
The preparation and the research and development for the LHC machine will continue until its 
start-up, which is expected in 2005 Plans exist for the reinstallation of the LEP accelerator on 
top of the LHC apparatus, to have the option of high energy electron-proton collisions The LHC 
accelerator will also be used to collide heavy ions Furthermore, fixed (gaseous) target experiments 
are anticipated with one of the proton beams 
LIL Lineac Injector for LEP SPS Super Proton Synchrotron 
EPA Electron Positron Accumulator LEP Large Electron Positron collider 
PS Proton Synchrotron LHC Large Hadron Collider 
Figure 2.1 A schematic view of the CERN accelerators complex 
Some of the performance parameters for the p-p operation of the LHC are listed m table 2 1 The 
packets of protons, bunches, will be focused onto each other at the two high-luminosity collision 
sections These interaction regions will be surrounded by detectors which will be discussed in the 
next section 
Due to the high energy of the colliding protons it not only will be possible to probe the structure 
of matter to a smaller scale than ever achieved before, but also to create new and massive particles 
The measurement of interesting collisions, ι e with a high energy transfer, will be obscured by 
a background of generally soft hadronic collisions Because of the small probability to indeed 
encounter an interesting event, the interaction rate must be huge to observe a few interesting 
events 
In order to accomplish this interaction rate requirement the particle beams must be intense 
Instead of constructing a particle-antiparticle accelerator such as LEP, where the same accelerator 
and bending devices can be used for both the electrons and positrons, both particle beams at LHC 
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Parameter 
Maximum beam energy 
Injection energy 
Energy loss per revolution 
Bunch separation 
Particles per bunch 
Number of bunches 
Luminosity 
Field of bending magnets 
Length of bending magnets 
Symbol 
E 
Et 
Ει 
Tb 
Tib 
kb 
С 
В 
1в 
Value 
70 
450 
67 
24 95 
1 05 10" 
2835 
IO34 
8 386 
142 
Unit 
TeV 
GeV 
keV 
ns 
cm
_ 2
s
_ 1 
Τ 
m 
Table 2.1 Some performance parameters of the LHC [51] 
will consist of protons Therefore, the two proton beams will circulate inside the accelerator in 
opposite directions in separate beam pipes (~ 200 mm apart) and only be brought together at the 
interaction zones Special, superconducting, bending magnets have been developed to form an 
integrated pair of dipole magnets with opposite fields for the two beams 
The number of events per second for a given particle interaction is determined by the luminosity 
Hence, in the design of the LHC the luminosity is a parameter as important as the energy of the 
colliding particles The luminosity is defined as 
4 π ε
η
β · 
where some of the parameters are tabulated in table 2 1 The revolution frequency is incorporated 
in the factor f (τ^1), whereas the size of the beam spot at the interaction point is expressed in 
terms of machine parameters [51] β* is the value of the betatron function at the crossing point 
and e
n
 is the emittance corresponding to the 1 σ contour of the beam, normalised by dividing by 
the Lorentz factor γ 
2.3 Detectors for LHC 
Several types of detectors are used in particle physics experiments They form a cylindrical 
structure surrounding the collision point of colliding beams (or are placed downstream of the 
target in a fixed target experiment) Various types of particles can be created in the collisions The 
created particles will undergo interactions in the detector volumes, which result in ionization or 
photon production in detection materials, that can be measured 
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The functionality of the various elements of the experimental setup of a particle physics detector 
can roughly be divided into the following items [52]: 
• tracking and momentum analysis (charged particles), 
• energy measurement (both charged and neutral particles), 
• particle identification, 
• triggering, 
• data acquisition. 
Important characteristics of a tracking device are its spatial resolution, response time and dead 
time. The spatial resolution indicates the accuracy by which the position of a particle trajectory 
can be measured. This is one of the most important characteristics of a tracking device. The time 
required to produce a signal after the passage of a particle is referred to as the response time of 
the detector, and includes the actual interaction with the detector medium and the time required to 
collect photons or charges that were produced. If a second particle enters the detector within the 
response window of the first it will spoil the response of either one. The maximum input event rate 
is directly related to this limitation of overlapping response times. The dead time is the recovery 
time of the detector, which limits the rate at which the experiment may trigger the specific tracking 
device. 
The occurrence of a potentially interesting event is flagged by an electronic signal, the so-called 
trigger. The trigger signal starts the readout sequence of the data acquisition system. Clearly the 
trigger signal has to be fast. It is derived from a set fast response time detector elements which 
can identify promising temporal and spatial correlations in the signal pattern. A triggering device 
could for instance be a scintillation counter. The basic concept of this kind of detector is that 
a traversing charged particle excites the atoms in the scintillator material, which de-excite by 
emitting light to be detected. In most experiments the fast first level trigger is augmented by one 
or more higher trigger levels, which are usually implemented in software. These higher levels 
make more refined event selections possible based on the full data of the event. 
A more elaborate description of specific devices used for e.g. momentum analysis and particle 
identification is given in chapters 3 and 4. 
The LHC machine will typically produce p-p collisions at rates over 40x 10É Hz. The particle 
detectors being designed to measure these collisions will typically be capable of coping with 
104 — IO5 triggers per second (of which eventually 10 — 100 events per second will be kept for 
further analysis). The LHC detectors will be equipped with sophisticated trigger devices which tell 
the potentially interesting events from the large majority of less interesting collisions. Two general 
purpose detectors for p-p collisions at LHC are foreseen: A Toroidal LHC Apparatus (ATLAS) and 
the Compact Muon Solenoid (CMS). An overview of the general layout of the ATLAS detector 
will be given below. Furthermore, the main differences between the ATLAS and CMS detectors 
will be highlighted. The detailed descriptions of the experimental setup of these detectors and 
their design considerations can be found in the respective detector technical proposals [53,54] 
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2.3.1 ATLAS 
The ATLAS detector will be discussed with an emphasis on both the solenoid and toroid magnets 
and the muon chambers. The layout of the detector, with its overall weight of 7000 tons, is shown 
in figure 2.2. 
Figure 2.2: The ATLAS detector. 
2.3.1.1 Inner Detector in Solenoidal Magnetic Field 
The ATLAS inner detector occupies a cylindrical cavity with a radius r = 1.15m and extends out 
to \z\ = 3.45 m along the beam axis. A combination of discrete high resolution pixel and strip 
detectors at the inner radii with continuous straw tube tracking elements with transition radiation 
capability at the outer radii is foreseen inside this volume. This combination of detectors provides 
the necessary tools to fulfil the following tasks for all charged tracks within the pseudorapidity 
range |η | < 2.5: vertex measurements, photon conversion identification, tracking and electron 
identification [55]. Hence, the inner detector takes part in the particle identification and the particle 
momentum measurement, and it provides pattern recognition information. 
The cavity surrounding the inner detector is enclosed in a superconducting solenoidal coil 
with an axial magnetic field of 2 T. The magnet will be built to provide the design field with the 
minimum possible material thickness. For instance, the cryostat vacuum vessels of the solenoid 
and the calorimeter are combined. The reduction of the amount of material is essential to achieve 
a good calorimeter performance. 
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2.3.1.2 Calorimeter 
Since a more elaborate treatment on calorimetry in general is given in chapter 4, this section is 
limited to a presentation of the main parameters of the ATLAS calorimetry. 
The ATLAS calorimeter consists of a barrel cylinder (|η| < 1.4), end-caps (1.4 < |η| < 3.2) 
and a forward region (3.2 < |η| < 4.9). The barrel as well as the end-cap calorimeters consist of 
an electromagnetic (inner) and a hadronic (outer) part. The electromagnetic sampling (accordion) 
calorimeter, for which the intrinsically radiation resistant liquid argon (LAr) technology is used, 
has a high granularity and offers a good performance in terms of energy and position resolution. 
The electromagnetic calorimeters in the barrel and end-cap regions are surrounded by the hadronic 
scintillator tile calorimeter. This in contrast with the forward region, where both the electromag­
netic and the hadronic parts are integrated into a high density calorimeter which provides a good 
lateral shower containment. 
The large pseudorapidity acceptance offers an almost hermetic geometrical coverage which is 
essential in the search for rare processes. Other requirements for the electromagnetic as well as 
the hadronic calorimeter include the energy and the angular resolution. The latter is important for 
the direction measurement of hadronic jets and is achieved by a segmentation of the calorimeters 
in both the barrel and the end-cap regions. One of the major goals of the hadronic calorimeter is 
the determination of the missing transverse energy, which is important for Higgs particle searches. 
2.3.1.3 Muon Detector in Toroidal Magnetic Field 
The outer dimensions of the ATLAS detector are defined by the muon spectrometer. The 
spectrometer consists of precision tracking chambers, dedicated fast trigger detectors and a super­
conducting air core toroid. 
Muon Precision Chambers 
The precision tracking chambers in the barrel region are arranged in cylindrical shells concentric 
with the beam axis, whereas most of the muon detectors in the forward direction (transition and 
end-cap regions) are mounted in the vertical plane. The inner, middle and outer muon chambers 
of the barrel are positioned at radii of 4.8 m, 7.6 m and 11.0 m, respectively, to measure the sagitta. 
The third layer of the forward muon chambers is mounted on the cavern wall, approximately 22 m 
from the interaction point, to maximize the lever arm of the measurement, 
The demanding specifications of the precision chambers are: 
• An accuracy of σ < 60 ц т in a single-cell measurement (of a 1.4 m to 6.3 m long chamber, 
depending on its location). 
• A precise mechanical construction which corresponds with the single-cell resolution. 
• Multiple measurements per chamber for redundancy, improved spatial resolution, local track 
vector information, and auto-calibration [56]. 
• Low occupancy (< 5 % per sensitive cell) to achieve robust pattern recognition and a chamber 
longevity. 
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These requirements are met via instrumentation techniques that, with their good intrinsic position 
resolution, fully exploit the advantages offered by the open superconducting air core toroid magnet 
system. 
Two technologies are chosen for the precision chambers. The barrel region (rapidity acceptance 
upto | η | < 2.4) will be covered by pressurized Monitored Drift Tube (MDT) chambers. The 
MDT chambers can accurately measure the track coordinate in the bending plane. At the large 
pseudorapidity range (2.4 < | η | < 3.0), a high rate environment, the Cathode Strip Chamber 
(CSC) technique will be used which allows for much finer segmentation of the readout channels. 
In addition to the precision chambers, detectors will be used for a muon trigger definition. The 
technologies foreseen for the ATLAS muon trigger detectors are the Resistive Plate Chamber (RPC) 
and the Thin Gap Chamber (TGC) [57-59]. The RPC technique is briefly discussed in section 5.3.5. 
The trigger detectors are also providing the coordinate of the muon track in the non-bending 
(r — φ) plane. 
A longitudinal view of the muon spectrometer is shown in figure 2.3 along with the definition 
of the sagitta. The momentum of the muon as a function of the measured sagitta s [m] can, under 
the assumption of a uniform magnetic field Β [Τ] perpendicular to the muon track, be expressed 
as: 
ρ = 0 . 3 ^ - [GeV/c]. (2.2) 
The length L [m] of the muon track between the inner and outer chambers is 5 m for |η| = 0 and 
the average magnetic field is 0.6Τ in the ATLAS muon spectrometer. Hence, a 500GeV/c muon 
will have a sagitta of approximately 1 mm. 
Figure 2.3: A side view of a quadrant of the ATLAS muon spectrometer. In the right-
hand side of the figure a definition of the sagitta is given as measured in the inner, middle 
and outer muon chambers. 
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Air Core Toroids 
The superconducting air core toroid magnet system consists of a barrel and two end-cap magnets. 
The latter will be inserted at each end of the barrel magnet, as shown in figure 2.4. The barrel 
toroid is 26 m long and has an inner and outer diameter of 9.4 m and 19.5 m, respectively. The 
end-cap toroids have a length of 5.6 m and an inner bore of 1.26 m. 
Figure 2.4: The superconducting air core toroid magnet system. The ¡eft-hand end-cap 
toroid is shown retracted from its normal operating position. Only one of the cross-braces 
of the barrel toroid is shown in full detail. 
Each of the three toroids is constructed of eight flat coils, arranged symmetrically around the 
beam axis. The total bending power of the toroidal magnetic field, in the region of the muon 
chambers, increases from 3Tm at the central η = 0 plane to 8Tm at |η | = 2.8. The bending 
power is shown in figure 2.5 as function of pseudorapidity. The magnet system is designed to 
produce a large volume field with an open structure that minimizes multiple scattering and its 
contribution to the momentum resolution. The precision chambers and the trigger detectors are 
attached to the toroids. 
As shown in figure 2.6, the magnetic field configuration of the finite number of coils is 
not perfectly toroidal but presents a regularly rippled profile. One of the consequences of this 
inhomogeneity for the muon chambers is that the relation between the measured sagitta and the 
muon momentum as given in equation 2.2 is a simplification of the reality. 
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H 
Figure 2.5: Toroid bending power ƒ ΒψάΙ of the 
azimuthal held component, integrated between 
the inner and outer muon chamber, as a function 
of pseudorapidity. The curves correspond to azi-
muthal angles equally spaced between the barrel 
and the end-cap toroid coil planes (as indicated 
in figure 2.6). The wiggles at |η| > 2 are caused 
by the intermediate end-cap toroid windings. 
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Figure 2.6: Magnetic field map in the 
transition region (11 < |η| < 1.7). Shown 
are field lines in a plane perpendicular to 
the beam axis and located in the middle 
of the end-cap toroid. The interval sepa­
rating consecutive lines is 0.1 Tm. Indi­
vidual barrel and end-cap coils are clearly 
visible. 
2.3.1.4 Muon Spectrometer Performance 
The pattern recognition and the track reconstruction efficiency play an important role in the perfor­
mance of the spectrometer. Several simulation and reconstruction programs have been developed 
to study e.g. the impact of tube occupancies on the muon track reconstruction. These studies have 
shown that the muon spectrometer provides robust tracking and momentum reconstruction in the 
presence of backgrounds considerably higher than foreseen at the LHC. 
Another important issue is the momentum resolution of the ATLAS muon spectrometer. The 
main contributions to the momentum resolution originate from a few processes of which the 
dominance changes with the momentum range. Fluctuations in the energy loss will dominate the 
error in the momentum measurement of low momentum muons (ρ < 20 GeV/c). The intrinsic 
accuracy of the muon chambers themselves and the alignment errors are important in the high 
momentum region (p >200GeV/c). And finally, multiple scattering in various materials in and 
before the spectrometer plays an important role in the momentum determination for muons with 
an intermediate momentum. All these contributions to the momentum resolution will show a 
pseudorapidity dependence as shown in figure 2.7. The variety and inhomogeneous distribution 
of materials and diversity in detector geometry is the explanation for this η dependence. 
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Figure 2.7: Transverse momentum resolution of the muon spectrometer as function of 
the pseudorapidity. The discontinuities are caused by the structural elements of the barrel 
toroid magnet. 
2.3.2 CMS 
A three-dimensional view of the CMS detector is shown in figure 2.8. The CMS detector follows 
the standard design approach of a detector surrounding the collision point of colliding beams. 
The following elements can be recognized in the cylindrical structure: an inner tracker in a 
magnetic field, an electromagnetic and hadronic calorimeter and a muon spectrometer. The 
overall dimensions of the CMS detector are: a length of 21.6 m, a diameter of 14.6 m and a total 
weight of 14500 tons. The CMS detector focuses on the accurate measurement of the muon 
momentum. 
Rather than describing the CMS detector in any detail, the main differences between CMS 
and ATLAS will be highlighted. The strength of the uniform magnetic field of the central, 
superconducting solenoid is 4 T. This high field allows the momentum measurement of charged 
particles in the central tracker and traps the low momentum charged particles inside the inner 
detector. The 13 m long solenoid allows efficient measurement of forward muons. The inner coil 
radius is large enough to accommodate both the inner detector and the calorimeters. 
To return the magnetic flux of the solenoid, a 1.8 m thick saturated iron yoke is used which 
serves both as an absorber and as a muon spectrometer. Four identical muon stations inserted in 
the return yoke will identify and measure muons. Hence, the muon momentum is measured three 
times: inside the inner tracking volume, after the coil and in the flux return. 
The following considerations led CMS to choose a sole solenoidal magnetic field configuration: 
• With the magnetic field parallel to the beam axis, the bending of charged particles is in the 
transverse plane. The small dimensions of the beams in this plane determine the transverse 
position of the vertex to an accuracy better than 20 μ™. The strong bending in the transverse 
plane facilitates the task of trigger detectors based on pointing to the interaction point. 
• The momentum measurement in a solenoid starts at the interaction point, whereas for a 
toroid it starts at radii larger than the calorimeter radius. Hence, the overall size of a detector 
based upon a solenoid is smaller than that of a detector with a toroidal magnetic field. 
• A wide experience already exists in the construction of large solenoidal magnets for particle 
physics experiments. 
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Figure 2.8: The CMS detector. 
2.4 Physics at the LHC 
The most important production cross sections and interaction rates for hadron colliders are dis­
played in figure 2.9 as a function of the centre of mass energy y/s. The figure illustrates for instance 
the difficulty in producing heavy particles such as the Higgs boson. At the centre of mass energy 
of the LHC accelerator the production of this boson is eleven orders of magnitude smaller than 
small angle proton-proton scattering (for ггін = 500GeV/c2). The search for the Higgs boson is 
at the top of the LHC physics agenda. 
2.4.1 Standard Model Higgs Boson 
The detection of the Standard Model Higgs boson at the LHC is discussed. So far, the Higgs 
boson, which should manifest itself as a resonance in particle collision cross sections, has not been 
observed. The interpretation of this fact is that the Higgs particle is too massive to be produced 
with a significant cross section at the present-day accelerators. 
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Figure 2.9: The cross section and interaction rates of some characteristic processes at 
hadron colliders as a function of accelerator energy [60]. 
The current experimental lower limit set on the Higgs mass is 58.4 GeV/c2 (at 95 % confidence 
level) [8]. Theoretical arguments can be used to set an upper bound to the Higgs boson mass. The 
requirement that the coupling to gauge bosons remains sufficiently small, so that the amplitude of 
e.g. the WW scattering process will not violate the unitarity limit, implies that тан ¿ζ, 1 Te V/c2. 
Although this is not an absolute limit, it is an indication of the mass scale at which the term 'ele­
mentary Higgs boson' does not apply anymore. As a consequence of the Higgs mass upper limit, 
the width of the Higgs boson will also be limited. For ттін > 200 GeV/c2 this width is proportional 
to the cube of its mass, so the Higgs broadens, already ΓΉ = 500 GeV/c2 at тпн = 1 TeV/c2, and 
dissolves into the background. 
Within the SM the radiative corrections to electroweak experimental observables can be com­
puted and are moderately (logarithmically) sensitive to the Higgs mass. The fit to all precision 
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electroweak data - available by June 1995, including the top quark mass values from CDF and DO -
is displayed in figure 2.10. The minimum χ 2 is reached at a Higgs mass of around 100 GeV/c2. 
But this minimum is shallow, and the constraint on the upper limit of the Higgs mass is not very 
stringent. The slight preference to the lower range for the Higgs mass through the present fit 
indicates that particular attention has to be given to the experimental observation of the Higgs 
boson in the 80 — 400 GeV/c2 mass range. 
X 
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Figure 2.10: The values of Δχ2 = χ 2 — χ 2 ^ as a function of the Higgs mass, for 
all available electroweak data interpreted within the SM radiative corrections frame­
work [61] 
The Higgs boson may have been found before LHC starts up If its mass is smaller than the 
Ζ mass then it will probably have been observed at LEP2. If so, LHC will have to answer the 
question why the Higgs mass is that low. 
For the mass range т н ^ rriz the search will be continued with the LHC detectors. 
2.4.1.1 Higgs Boson Production 
The coupling of the Higgs boson to other particles is proportional to their masses Hence, both in 
production and decay, the Higgs boson will predominately couple to the heaviest possible particles. 
The Feynman diagrams of the important Higgs production mechanisms in proton-proton collisions 
at the LHC are shown in figure 2 11. 
The dominant processes for the Higgs boson production are through gluon-gluon fusion, via a 
virtual top quark loop, or, especially for a heavy Higgs boson, through WW or ZZ fusion. Less 
important production channels are via tt fusion and W or Ζ Bremsstrahlung. The production cross 
sections for all these processes decrease with increasing Higgs mass. The expected production 
rate for Higgs bosons at the LHC, operating at nominal luminosity, is typically 106 to 10A events 
per year for a Higgs mass range of 0.1 to 1 TeV/c2. 
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Figure 2.11: The Higgs boson production mechanisms at hadron colliders: a. gluon-
gluon fusion, b. WW or ZZ fusion, с tt fusion and d. WorZ Bremsstrahlung of which 
the latter two are ¡ess important [60,62]. 
2.4.1.2 Higgs Boson Decays and Experimental Signatures 
Unfortunately, either the decay channels of the Higgs bosons have small branching ratios, or, when 
they have large branching ratios, the decays are obscured by a large background of events which 
carry the signature of a Higgs decay. The branching ratios of several decay modes are indicated 
in figure 2.12 as a function of the Higgs mass. It can be noticed that statistics will be the limiting 
factor in the detection of the Higgs boson, in particular when its mass approaches 1 TeV/c2. The 
observability is usually expressed in terms of the statistical significance: Ν $ / \ / Ν Β , where N$ and 
N B denote the number of signal and background events, respectively, and \ / Ñ B is the statistical 
error (σ) in the latter. 
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Figure 2.12: The branching ratio of the Higgs boson into various final states as a 
function of the Higgs mass. In the situation of the WW/ZZ final state, if mH < 2mw/z. 
the indicated branching ratio value is the rate to WW/ZZ* where W*/Z* denotes a virtual 
(off mass-shell) W/Z[8]. 
2.4. Physics at the LHC 21 
Low Mass Higgs Boson 
To observe a low mass Higgs decay (just above the LEP2 upper limit) will be difficult. If the mass 
of the Higgs boson is smaller than 130GeV/c2 the largest Higgs decay branching ratio is into bb, 
as can be noticed from figure 2.12. However, expectations are that the Higgs cannot be identified 
in this decay channel, since at the LHC energy this mode will be overwhelmed by the QCD bb 
background, i.e. events faking the decay of a Higgs boson by having a simular signature (also 
noticeable in figure 2.9). 
Another detectable, higher order, decay channel in this mass region is the decay into two 
photons: H—> γ γ , where the Higgs is produced via the process in figure 2.1 la. Its signature is 
two isolated photons with Ε
γ
 «50 GeV. Compared to the bb mode, the γ γ decay channel suffers 
less from background. The major background stems from qq —> γγ (quark annihilation) and 
jet-jet production, with both the jets faking a photon. Hence, an electromagnetic calorimeter is 
required with an excellent performance. 
A third feasible identification of the Higgs boson in this mass range is possible if an associated 
W or Ζ is produced (figure 2.1 Id). The major advantage of this signature WH —> 1"νγγ, and 
perhaps therefore the preferred search channel for the Higgs boson in the low mass region, is the 
absence of almost any background. However, the production rate of the Higgs boson through this 
channel is extremely low (~30 per 105 pb~', i.e. the integrated luminosity per year). 
The conclusion is that for the low mass region the two-photon decay appears the favourable 
search channel. 
Intermediate and High Mass Higgs Boson 
The decay H—>ZZ(*' —> 41*, often called the gold-plated decay mode, provides a very clean 
signature for a SM Higgs boson in the mass region 130 — 800 GeV/c2. For the intermediate range, 
гпн < 2mz, one of the two Ζ bosons is off mass-shell (Z*). 
The signature for this mode is four isolated leptons (electron or muon pairs) with a high 
transverse momentum. The geometrical and kinematic acceptance for leptons is important in this 
decay channel. The pronounced signal of the four-lepton invariant mass will be distinguishable 
from the continuous background. This background predominantly stems from the direct production 
of two Ζ bosons from the colliding protons and is, therefore, irreducible. Other types of background 
are a result of tt and Zbb production which have large cross sections but can be effectively reduced. 
This background reduction is accomplished through: (i) kinematical selection, i.e. lower limits 
on the transverse lepton momenta, (Η) Z(*' mass constraints of the two lepton pairs, (Hi) isolation 
and/or impact parameter requirements, i.e. to define isolated leptons and to reject events with 
leptons from secondary vertices. As an example figure 2.13 shows the four-lepton mass distribution 
for the Higgs decay signal superimposed on the total background. 
The natural width of the Higgs is small in this mass regime, and the observed width is entirely 
dominated by the instrumental mass resolution. The significance of the Higgs signal will depend 
on the four-lepton mass resolution (NB ~ 041), so the lepton energy/momentum resolution is of 
decisive importance. 
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Figure 2.13: The four-lepton mass distribution for Η —> ZZ*—» 41* in CMS, running 
for one year, for three different Higgs masses. The Higgs signals at 130 and 150 Ge V are 
clearly visible above the background, whereas the 170 Ge V signal is ¡ess distinct [63, 64). 
The situation changes if the Higgs mass is larger than twice the Ζ boson mass. The most 
favourable decay channel to observe a Higgs boson with 2m
z
 < т н < 800 GeV/c2 remains the 
four-lepton decay mode, even though the production rate is limited at the high end of the mass 
range. The natural width of the Higgs boson will increase rapidly in this mass region, as does the 
momentum of the leptons to be detected. Hence, the observation of a possible Higgs signal in the 
gold-plated decay mode depends more on the luminosity than on detector performance. 
The expected four-lepton mass spectra are shown in figure 2.14 for a number of anticipated 
Higgs masses. The Higgs signals are visible above a continuous ZZ background. The event rates 
shown are after 2.5 and 12 months of running, respectively. 
The heavy Higgs boson, т н > 0.8 Те V/c2, offers a decay channel Η —> ZZ —> l+l~-w which 
has a high branching ratio. Together with the distinct signature of two high p j momentum leptons 
from the Ζ decay and high Ey"ss, due to the escaping neutrinos, this decay mode is more favourable 
than the four-lepton channel. 
2.4.1.3 Four-Muon Decay Mode and its Backgrounds 
The cleanest and best reconstructable decay channel of the Higgs boson, the gold-plated mode, 
will be discussed further with an emphasis on the case that the four leptons are all muons, i.e. 
H->ZZ-> 4μ±[65]. 
The production rate for a 500 Ge V/c2 mass Higgs boson at the projected LHC luminosity 
of 10 3 4 cm _ 2 s _ ' is approximately IO5 per year. Despite the fact that the Higgs boson decay 
fraction into two Ζ bosons is 30 %, the total branching ratio for Η —» 4μ* is small (~ 3.35 χ 10 - 4). 
This is due to the low branching ratio of the decay of a Ζ boson into two muons (3.34%). 
Therefore, searches for this favourable decay channel will be limited by statistics, even at the 
highest luminosities. 
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Figure 2.14: The four-lepton mass distributions for H —> ZZ —> 41* superimposed on 
the ZZ continuum background in CMS. From ¡eft to right the figures show the signals 
formH = 300GeV(2x104pb_,)andm.H = 300,500 and 600 GeV (105 pb"')· 
Apart from the poor statistics, another problem is the background of physics processes which 
have the same experimental signature and thus easily fake the H —> 4μ± decay. Hence, for this 
decay mode, the particle rate and the amount of background particles in the muon detector are of 
major importance. The background in the muon detectors of LHC experiments can either originate 
from (0 real muons or (¿i) processes which can fake muon tracks or which obscure the accurate 
measurement of muon trajectories. Some sources of background for these two categories are 
discussed. 
Prompt Muons 
The muons which originate from physics processes close to the proton-proton interaction point 
(primary vertex) are regarded as prompt muons. Sources of prompt muons are for instance 
Drell-Yan processes and the decays of heavy quarks, tau-leptons and W and Ζ bosons. At all 
values of transverse momentum, the production rate of these prompt muons is dominated by 
charm and bottom decays. Typical muon rates (at £ = 1034 cm_ 2s~') in the barrel region of an 
LHC detector are estimated to fall in the range of 0.05 — 0.1 MHz [66]. 
Decay Muons 
Decay muons stem from hadrons which emerge from the interaction point and decay in flight 
before they reach the calorimeter. The majority (~ 80 %) of hadrons produced in the proton-proton 
collisions are π and К mesons, whereas the remainder is a composition of heavier hadrons. The 
production rate of the charged hadrons has a direct effect on the rate of the decay muons. The 
decay probability for a hadron before it reaches the calorimeter depends on the path length between 
the primary vertex and the calorimeter, i.e. also on the central tracker dimensions. 
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Hadronic Punchthrough 
Most of the charged hadrons produced in the p-p collisions at the LHC will not decay in the central 
tracker volume but will reach the calorimeter. If the calorimeter thickness were sufficient, these 
hadrons would all be absorbed. The underlying physical processes are discussed in section 4.4. 
In practice, however, particles will emerge from the back of the calorimeter. These particles 
are referred to as hadronic punchthrough. Among these particles are secondary muons, which 
are the decay products of pions and kaons formed by the interaction of the incident hadrons and 
the calorimeter material. The relative contribution of secondary muons, which are less easily 
absorbed than hadrons and electrons, increases with increasing absorber thickness. These highly 
penetrating particles will enter the muon detector where they will contribute to the overall charged 
particle rate in the muon chambers. A more elaborate discussion related to punchthrough particles 
is given in section 5.1 and chapter 6. 
Muon-induced Electromagnetic Secondaries 
A fraction of the high momentum muons will suffer from a significant energy loss in de-
tector material in front of the muon measurement stations. The radiated hard photons and 
electron-positron pairs can initiate an electromagnetic cascade of secondary particles which ac-
companies the muon to be measured. These secondary particles can overlap the active layers of 
the muon chambers and thus obscure the measurement of the muon trajectory, and hence of its 
momentum. 
A more elaborate discussion related to electromagnetic secondaries induced by high momentum 
muons is given in the section 5.3.4 whereas the physics processes involved are treated in chapter 3. 
Neutrons 
At high luminosity hadron colliders as the LHC, the radiation level will be huge, especially 
around the interaction regions. The neutral particles (mostly neutrons) originate from interactions 
between the accelerated protons and the walls of the vacuum pipe or the rest gas inside this vacuum. 
Hadrons formed at the interaction point, which interact with materials inside or around the detector, 
e.g. the calorimeter and shielding materials as collimators between the detector and focusing 
magnets, will also produce neutrons, be it to a smaller extent. 
The neutrons will loose energy through numerous elastic collisions, since they are electrically 
neutral and therefore will not undergo electromagnetic interactions. Hence, unlike charged parti-
cles, the neutrons can travel large distances. Due to this lengthy scattering process, the neutrons 
behave like a "gas" of thermal particles. This neutron gas is widely distributed inside and around 
the detector in the experimental area and can give rise to additional hits, through secondary inter-
actions, in the muon system. These neutron-induced hits are uncorrelated with the bunch crossing 
time of the colliding particles. 
Shielding configurations can be thought of to reduce the neutron background. The shielding 
should be composed of hydrogenous materials, such as concrete or polyethylene, to thermalize the 
neutrons efficiently. The thermalized neutrons can be captured effectively without copious photon 
production when the external surface of the shield is covered with a boron-doped material. An 
additional high-Z material, such as lead, can act as another layer of shielding material to absorb 
photons which still escape the other shielding. A reduction of the neutron production by hadron 
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interactions in the beam pipe can be achieved by using a beryllium vacuum pipe and keeping its 
thickness to a minimum 
The increase in muon detector occupancy as a consequence of the hits produced by a large 
number of neutral particles, can affect the efficiency of the muon chambers and the pattern 
recognition algorithms The muon trigger rate will be increased by random coincidences of neutron 
hits Also, random hits in coincidence with a real muon track can lead to a mis-measurement of 
the real muon momentum The effect of random hits from neutrons (and photons) on the muon 
trigger performance of the CMS detector has been studied [67-69] For the trigger algorithm 
investigated, this causes low ρ
τ
, ι e highly curved muon tracks, to look more like straight tracks 
and therefore increase their apparent momentum 
For the investigated shielding configuration it was discovered that the muon trigger rate due to 
(i) random hits in the muon detector induced by neutral particles and (») random hits associated 
with real muons, was well below the trigger rate as a result of prompt muons, even down to the 
lowest trigger thresholds The importance of an accurate understanding of the neutral background 
is underlined by the fact that the trigger rate due to neutrals rises as the third power of the 
background hit rate 
2.4.2 Quark, Neutrino and Beyond SM Physics 
In addition to the search for the Higgs boson, the LHC machine offers other interesting processes 
in elementary particle physics to investigate For instance, a more detailed investigation of the 
bottom and top quark will be possible and perhaps the direct observation of the tau-neutnno 
At the Tevatron, the accuracy of the top quark mass determination is small due to the limited 
statistics The production rate of top quarks at the LHC (thousands per day) will be high enough 
to (i) obtain a mass resolution limited merely by theoretical uncertainties rather than statistics and 
(n) study its decay channels in detail 
The production rate of bottom quarks at the LHC will be tremendous Hence, В physics 
investigations, e g CP violation studies, can only be performed when the accelerator is operated 
at a low luminosity or in a configuration different from the proton-proton collision mode 
Since neutrinos hardly interact with matter it will be difficult to identify the existence of the 
tau-neutnno The interaction-ν
τ
 + e" —> -v
e
 + τ " will be the best visible fingerprint Therefore, 
the "spontaneous" appearance of a τ particle at a distance from the vertex can be a hint that this 
reaction occured A large flux of tau-neutnnos in a vast amount of material will be necessary to 
detect these tau-Ieptons In addition the tau-lepton decay vertex has to be recognized to identify 
the tau-neutnno through this process Because of its short decay distance (ст
т
 га 90 μπι) the 
experimental observation of the tau-lepton will not be easy The fixed target mode of the LHC 
machine seems favourable to accomplish this task 
The Higgs mechanism is a crucial ingredient of the Standard Model Without it the model would 
break down around 1 TeV The main aim of the Large Hadron Collider is the direct experimental 
confirmation of the existence of the Higgs boson and hence the ultimate confirmation of the 
Standard Model 
This model still does not explain the value of the mass of the Higgs particle (or, for that 
matter, of any other particle) and the very fact that the Higgs boson would be found, would lead 
to new questions which are beyond the scope of the Standard Model In supersymmetry theories 
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for instance the finite Higgs mass would imply the existence of "supersymmetnc" partners to all 
particles known at the moment. 
Alternatively, if the Higgs boson does not exist, it would be at least as exciting. Quarks and 
leptons would perhaps not be fundamental particles but composite systems, themselves. 
So, no matter of what the outcome of the experiment on Higgs will be, an entirely new world 
will open up. Both supersymmetry and compositeness are within reach of the LHC machine, 
as are other hypothetical phenomena such as new vector bosons, sequential quarks and leptons, 
leptoquarks etc.. 
In all cases the muon is an important handle to search for such processes. Hence, the identi-
fication and precise measurement of muons is essential for any LHC experiment. Obviously the 
understanding of the muon detection backgrounds is of prime importance. 
3 
Honeycomb Strip Chamber 
Whatever it is, I'm against it. 
- Groucho Marx [70] 
3.1 Introduction 
The basic phenomena underlying the behaviour of a gas amplification detector will be introduced 
in this chapter. A charged particle can be detected in gaseous chambers because it ionizes the 
gas along its flight path. The ionization electrons of each track segment will drift through the gas 
under the influence of an electric field. Close to the anode wire these electrons are amplified in 
avalanches. These principles will be used to give an insight into the concepts of the Honeycomb 
Strip Chamber (HSC), which is an example of a proportional drift tube. 
3.2 Charged Particle Detection 
3.2.1 Energy Loss of Charged Particles 
An interaction between a charged particle and a gaseous (or any other) medium can occur in 
many ways. However, for detection one generally relies on the electromagnetic interaction: the 
probability for electromagnetic interaction to occur is many orders of magnitude larger than that 
for strong or weak interactions. 
The mean rate of energy loss (stopping power) through ionization has been calculated within 
the framework of a quantum theoryof a collision between the travelling particle and an electron of 
a single atom. The energy required for the ionization of the medium comes from the kinetic energy 
of the incident particle The average energy loss per unit of path length (in units of MeVg~'cm2) 
is computed by the summation of the energy lost to all the electrons of atoms in the vicinity of the 
incident particle with charge ζ and mass m It is given by the Bethe-Bloch formula [71-73]· 
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with r
e
, m
e
, NA defined in appendix A, and I and δ being the mean excitation energy and the 
density effect, respectively. For a given medium (Z, A) the energy loss rate is mainly a function 
of the energy of the incident particle. The energy dependence is confined to the parameter β = v/c 
and the Lorentz factory = (1 — β 2 ) - 1 / 2 . The quantity T
m a x
 represents the maximum kinetic energy 
which can be transferred from the incident particle to a free electron in a single collision [74—76]: 
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Figure 3.1: The energy loss rate for pions in copper [8]. 
As an example, the average energy loss rate has been computed for pions on copper and is 
shown in figure 3.1 (solid curve). The various regimes which can be distinguished in the energy 
loss rate as function of the incident energy will be briefly discussed. 
The momentum transfer from an incident particle to an atomic electron scales with their 
interaction time, i.e. as β"1 of the particle. Hence, the energy transfer (proportional to the 
momentum transfer squared) is expected to fall as β - 2 . Instead, as can be noticed in figure 3.1, 
a β~
5/3
 dependence seems to provide a better approximation at non-relativistic energies before a 
broad minimum at βγ « 3.0 to 3.5 is reached. A particle which has an energy loss rate close to 
this minimum is referred to as a minimum ionizing particle (mip). 
The logarithmic term in (3.1) describes the relativistic rise. Its strength is given by the mean 
excitation energy I [8]. The electromagnetic field carried by the travelling particle flattens with 
increasing incident particle energy. The transverse electric field components extend and thus the 
cross section for the excitation and ionization increases. 
At ultra-relativistic energies the field extension is shielded (and thus limited) due to the electric 
polarization of the medium, which is accounted for by the factor δ(β
ν
 Ζ) [8,77,78]. 
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The energy deposited in an absorbing medium will reach a constant level, the Fermi plateau 
("T
cut = 0 5 MeV" in figure 3 1 ) Finally, radiative effects become important at even more extreme 
energies 
3.2.2 Energetic Knock-On Electrons 
The electron-ion pairs along a particle track are initially created m collisions between the incident 
particle and the gas molecules The probability for such a collision to occur per unit length 
follows a statistical distribution Therefore, the number of primary ionizations is described by 
a Poisson distribution These primary ionizations can give rise, depending on their energy, to 
further ionizations If the kinetic energy of the primary electron exceeds the ionization potential 
of the medium secondary ionizations are likely to occur Hence, in the vicinity of the creation 
point of the initial electron a cluster is produced, which consists of one or more electron-ion pairs 
A cluster of larger size can also be formed if more electrons emerge from a single atom, e g as 
a result of the Auger effect The cluster size distributions have been experimentally determined 
for several gases by the Heidelberg group [79] The sum of these contributions is called the total 
ionization 
The total energy loss of an incoming particle is then related to the number of electron-ion pairs 
produced near the track This relation becomes complicated for relativistic particles due to the 
energetic (few keV) knock-on electrons (δ rays) which can escape the detector 
The number of electrons produced in a thickness dx with a kinetic energy Τ > Τι is given 
by [74] 
I max 
for Ι <ε Τι < Τ < T
m a x
 Expressions for the spin dependent factor F can be found in [8,74], but it is 
essentially unity for Τ well below T
m a x 
Besides the total number of δ rays it is also important to know the range of these electrons The 
direction of the δ electrons, initially emitted almost perpendicular to the incident track, randomizes 
quickly due to multiple scattering Large scattering angles are highly probable because of the 
large mass difference between the projectile (electron) and the target (atoms within the medium) 
Therefore the practical range (Rp) is defined as the material thickness the electrons traverse before 
they are stopped This practical range is somewhat smaller than the total range - which can be 
obtained by integration of (3 1) - and can be empirically described by 
RP(E) = QE (} - j^-Л [gem"2], (3 4) 
for E in units of keV and where a = 5 37 IO - 4 gcm_ 2keV-\ b = 0 9815 and 
c = 3 1230 10 - 3 keV-1 Equation (3 4) agrees very well with experimental data for low and 
intermediate Ζ materials [80] 
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Figure 3.2: Practical range for electrons in aluminium as function of their kinetic 
energy [80]. The solid curve is a parameterization according to relation (3.4). 
These energetic electrons will result in a large pulse height. The centre of gravity of the detected 
charge, which is the best position information one can get, will be systematically displaced with 
respect to the original track due to the large practical range. Obviously, this will limit the spatial 
resolution, i.e. the accuracy to which the position of the particle trajectory can be localized 
(typically 20 — 30 ц т in a gas counter at atmospheric pressure). Notice that an increase of the 
density or gas pressure does not evidently improve the accuracy since, although the range of 
electrons will decrease, the number produced at any given energy will increase. 
3.3 Motion of Charges in Gases 
The knowledge of the drift and diffusion properties of electrons and ions in gases is essential 
for the understanding of the operational characteristics of gaseous detectors [81]. Obviously we 
have to understand how the drift and diffusion, in electric and magnetic fields, depends on the 
properties of the gas molecules, including their density and temperature. Some relevant cases will 
be mentioned in this section. 
3.3.1 Electron and Ion Diffusion 
In the absence of an electric field, a localized assembly of charges diffuses by multiple collisions 
following a Gaussian density distribution [82-85]: 
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where dN/N 0 is the fraction of the original number of charges N 0 present in the interval dx at 
distance χ after a time t. The diffusion coefficient is denoted by D. The standard deviation of this 
distribution is given by: 
(3.6) 
A qualitative distinction can be made between electrons and ions. Because of their smaller 
mass electrons move much faster than ions. Also, because of their negligible size, their mean free 
path is classically four times larger than that of ions in the same gas. 
When an electric field is applied the diffusion of ions tends to be largest in the drift direction 
(non-isotropic). Also for electrons the diffusion along the electric field can be quite different 
from that in the perpendicular direction. Moreover, the amount of diffusion is also affected 
through the presence of a magnetic field. The diffusion of electrons perpendicular to a sufficiently 
high magnetic field will be reduced as a consequence of the spiralling motion of these electrons 
(experimental results are available in e.g. [86]). 
3.3.2 Electron and Ion Drift 
A charged particle in an electric field E is subjected to a force and will be directed globally along 
a field line. In general, the drift velocity vd of the particle depends on the electric field as: 
£ = ν
ά
 = μΕ, (3.7) 
dt 
where μ is the mobility of the charged particle. 
Consider the case of the charged particle being an electron. The electron scatters isotropically 
in the elastic collisions with the gas molecules because of its light mass. Evidently, a drifting 
electron will gain momentum between two successive collisions under the influence of the electric 
field. The drift velocity can also be expressed in terms of the acceleration and the mean free time 
by: 
eE 
vd = — τ . (3.8) 
ТП-е 
Obviously this mean free time τ depends on the number of gas particles present, hence on the gas 
pressure. Furthermore, it is known that the collision cross section, and thus τ, varies strongly with 
the electric field strength for some gases (Ramsauer effect [87]). A classical treatment is possible 
when the mean path length of the electrons is large compared with their Compton wave length 
(see appendix A). For gas pressures up to 100 bar this appears to be valid, whereas a quantum 
mechanical treatment is required above this pressure [88]. 
The diffusion process will also influence the characteristics of the drift behaviour. One can 
distinguish a transverse or lateral diffusion D-j·, i.e. an aberration perpendicular to the field line, 
and a longitudinal diffusion DL, i.e. a deviation along the field line due to the statistical behaviour 
of the drift velocity. In this anisotropic situation the density distribution (3.5) can be rewritten as: 
dN 1 / 1 \ 2 / ( x - v d t ) 2 {у2 + ^)\ 
N 0 ~ V4ñD{t\s/4ñO^) e X PV 4DLt 4DTt ) Q ' (*"} 
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where the dnft direction is along the χ axis. 
In the presence of an electric field, ionized gas molecules acquire, per mean free path, an 
amount of energy similar to that acquired by electrons In contrast to an electron, an ion will lose 
a large fraction of this energy in its next collision Also its direction will be less randomized than 
that of an electron So, only a small amount of electric field energy is stored in the random motion 
of the ions. As a consequence, the random energy of ions is mostly thermal with only a small part 
which stems from the field This will have its effect on the diffusion of the ions. The ion diffusion 
will be orders of magnitude smaller than that of electrons in similar fields. 
As was mentioned above, an ion does not scatter isotropically due to its heavy mass. The 
mobility of a ion in a mixture of N gases is given by Blanc's law [77,82]· 
1 " 
^=Σ (3 10) 
I L . Иг, 
where μ,, is the mobility of an ion of gas i in gas j with a volume concentration c, However, 
an effective process of charge transfer takes place in gas mixtures. This mechanism depends on 
the nature of the ions and on the difference in their ionization potentials. Through this transfer 
process only the type of ion with the lowest ionization potential will be present after a dnft 
length in the range of (0.01 —0 1) c,~^ mm, where C]
ow
 is the volume concentration of the lowest 
ionization potential molecules. The ionization potentials of Ar and CO2 are 15 8eV and 13.7eV 
respectively, hence COj ions will be dominant in an АГ/СО2 mixture. The mobility μ for these 
ions is 1.72 cm2 s _ , V _ ' and 1.09cm2 s 'V_1 in Ar and CO2 respectively 
For the characteristics of the dnft velocity of ions one has to discriminate two limits with 
respect to the electric field strength At low fields the thermal energy (|kT) of the ion - in contrast 
to the electron case - is not negligible compared to the energy gained due to its acceleration in 
the electric field. In this situation the dnft velocity changes linearly with E, so the ion mobility 
is constant, ι e independent of E For strong fields on the other hand, where the thermal energy 
can be neglected, it is found that the dnft velocity is proportional to E , ,/2, or that the mobility falls 
as E- , / 2 [89] 
3.3.3 Drift in a Magnetic Field 
The drift properties of charged particles will be modified in the presence of a magnetic field. 
Due to the Lorentz force the small segment of the dnft path between two successive collisions 
transforms into a helicon trajectory. The drift path can be deduced from the equation of motion of 
the charged particle: 
m ^ = qE + q(vxB), (3 11) 
at 
where E and В are the electnc and magnetic field, respectively, τα the mass and ν the combined 
thermal and dnft velocity of the particle with charge q In particular, the two terms in (3 11) 
represent the Coulomb force and the Lorentz force, respectively 
The net effect of the presence of a magnetic field is a decrease of the macroscopic dnft 
velocity. Moreover, the dnft direction will deviate from that followed when only the electnc field 
is present, i.e. parallel to the electric field lines. The difference between the drift directions with 
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and without the magnetic field is known as the Lorentz angle cci and can be expressed in terms of 
the components of the drift velocity: 
tanctL — 
V d l 
vd|l 
(3 12) 
where vd|| represents the component parallel to the electric field and vdJ_ the one perpendicular 
to both the electric and magnetic field. The expressions for the drift velocity components for 
electrons are derived to be [77]: 
v d | | = 
Vdl 
ετ 
1 + ш 2т 2 ' 
r
i 
е ш г 
1 + ш 2 т 2 T 2 
(3 13) 
where ω = (e/m
e
)B, ε = (e/m
e
)E and τ the mean free time between the collisions. The 
relations (3.12) and (3.13) can be combined, which results in 
tan <X|_ = шт = μΒ (3 14) 
where the last equality can be deduced from (3.7) and (3.8). 
An impression of the directional behaviour of the drift velocity as a function of the orientation 
of the electric and magnetic fields and of the parameter cut is illustrated in figure 3 3 A drifting 
electron, starting at the origin, will reach the zo plane at a point on the indicated half circle, 
depending on the value of шт. 
ωτ—Ο 
Figure 3.3: Directional behaviour of the drift velocity of an electron in the presence of 
both an electric (m thex—z plane) and a magnetic field (parallel to the ζ axis). 
Besides the direction, also the magnitude of the drift velocity is altered in the presence of a 
magnetic field. 
Vd(tu>0) /1 + a>2,r2eos2 φ 
vd(a> = 0) V 1 + ш 2 т 2 
where φ is the angle between the electric and magnetic field orientations 
(3 15) 
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In general, a substantial Lorentz angle is undesirable because of the longer drift times it causes 
and because of the more complicated relation between the drift time and the drift distance An 
obvious solution to minimize the Lorentz angle is to onentate a particle detector such that the 
electric and magnetic fields are parallel, which yields оц. = 0 The gas mixture used can also 
be chosen to have a minimal шт, ι e a small Lorentz angle [90-92] The orientation of the 
detector can furthermore be tilted over the Lorentz angle itself, if the electric and magnetic fields 
are perpendicular The incident charged particle will then penetrate the detector along an electron 
drift line as in the situation without a magnetic field 
3.3.4 Electron Attachment 
In addition to the dependence of drift properties on an electromagnetic field discussed so far, 
further factors affect the electron drift The variation of e g the nature of the gas, its pressure 
and temperature, as well as a slight fluctuation of the concentration of gas components in the 
mixture [93,94] play an important role in the electron drift characteristics 
The electron drift properties are also sensibly modified due to traces of electronegative com­
ponents such as oxygen and water [95] Gas molecules of impurities with a large electron affinity 
will be able to absorb a drifting electron in a close encounter This electron attachment (capture) 
occurs at much lower energies than the energies required - and actually obtained during the drift -
to form stable negative ions in the case of noble gas atoms or most organic molecules 
If the mean energy of the electron is close to or above the threshold for molecular dissociation 
the attachment process can cause the molecule to break up dissociative attachment However, 
below this threshold an excited negative ion is formed if an electron is attached to a neutral 
molecule [96,97] 
X + <Г -> X - , (3 16) 
with a life time of the order of 0 1 ns 
The excess energy of this state can be released (table 3 1) either (ι) by the emission of a 
photon, ι e the excitation is stabilized in its groundstate, or («) by the spontaneous decay of X-*, 
where the liberated electron regains its kinetic energy, or (HI) by interactions between the excited 
ion and molecules of the buffer gas M The emission of a photon will only be relevant at gas 
pressures below 1 Torr as interactions with the buffer gas molecules are more likely to happen 
with increasing pressure 
Reactions 
I 
II 
¡11 a 
b 
χ-
x-
x-
χ -
* 
* 
* + M 
* + M 
—) 
—• 
—» 
—> 
X - + 7 
X + e-
X + M + e-
X - + M * 
Table 3.1 Dissociati ve attachment reactions 
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The number of drifting electrons, while traversing the gas mixture with an electronegative 
component, decreases exponentially 
N(t) = N 0 e - A t , (3 17) 
where A is the attachment rate given by 
Α = η
Χ Μ
[Χ][Μ], (3 18) 
with the concentrations of the electronegative and buffer gases indicated by [X] and [M], respec­
tively 
The attachment coefficient η
χ
 м depends on the nature of the buffer gas Complex molecules, 
such as CO2 or 1SO-C4H10, are more likely to absorb the excitation energy of the negative ion X-* 
(case m h) than a simpler molecule or atom (ш a) The probability for attachment is thus larger 
in the case of an electronegative gas with complex molecules because of their dense vibrational 
energy level structure Also the electron energy, and thus the electric field, and the gas temperature 
will play a role 
The specific energy loss of the incident particle is important for its identification The at­
tenuation of the original ionization, by e g electron attachment (as discussed here) or by the 
recombination of an electron with a positive ionized gas molecule, has to be kept low This 
attenuation influences the amplification process discussed m the next section 
3.4 Amplification of Ionization 
Depending on the specific application of a gaseous detector the desirable properties of the counter 
gas can include low working voltage, high rate capability, long lifetime, high specific ionization, 
good proportionality and fast recovery Because of its large multiplication at low voltage and 
its high total ionization, argon is usually the main gas component in a mixture In general, it is 
necessary to use mixtures of gases to optimize the features for a specific application Some of 
these features and their basic concepts will be highlighted in this section 
3.4.1 The Proportional Mode and Beyond 
A cylindrical coaxial geometry is a suitable solution to amplify the small amount of energy 
deposited by a charged particle on its passage through the matter In this geometry a thin metal 
wire is strung along the axis of a conducting cylinder and insulated from it so that a potential 
difference can be applied between the wire (anode) and the cylinder (cathode) Due to this 
configuration an electron will drift towards the wire in an ever increasing electric field E which is 
given by the linear charge density λ on the wire (Gauss' theorem) 
λ 1 
E ( r ) =
 ыГ0г
 ( 3 1 9 ) 
Hence, in the absence of a magnetic field the path of the electron will be radial In the presence of 
a magnetic field the electron drift path will be modified, but for a strong enough electric field the 
trajectory always terminates on the wire 
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An avalanche will start once the electron enters a region where the electric field is strong 
enough that the electron can pick up sufficient energy between collisions with the gas molecules 
for the formation of new electron-ion pairs This multiplication process will continue until all 
the electrons are collected on the wire The avalanche, in general, develops preferentially on the 
approach side of the initiating electrons, as indicated in figure 3 4, instead of surrounding the anode 
wire completely 
Anode wire Λ * 
Figure 3.4 Two dimensional displays of the electron density m a small avalanche 
created by a simulation [98] from a single electron 
As a result of de-excitation of the gas molecules also photons will be created in the avalanche 
A fraction of these photons is sufficiently energetic to produce other free electrons, either in the gas 
(through ionization) or in the cathode (photoelectric effect) On average, these photons will have a 
larger mean free path than the electrons present in the avalanche Thus, the photons travel farther 
than the longitudinal size of the avalanche and the free electrons produced by them will each 
induce another full multiplication process which in tum can again give rise to photons and so on 
and so forth Eventually, a spark breakdown can occur in the counter Usually an organic quench 
gas {e g COz, CH4,1SO-C4H10) is added in order to capture these photons Its effect is to reduce 
the probability that a photon will ionize the gas outside the cylinder containing the avalanche 
Therefore, more electrons can be allowed in the avalanche, and hence a larger multiplication 
factor Due to their many degrees of freedom, organic molecules have large photoabsorption 
coefficients over a wider wavelength range than that of noble gas atoms 
The lateral spread visible in figure 3 4 stems from two effects Firstly, the primary ionizations 
lie scattered along the track of the incident particle and each electron follows its own drift path 
to different positions close to the wire Secondly, during their drift these electrons are subject 
to diffusion The detailed Monte Carlo simulation shown in figure 3 4 has neglected the photon 
ionization, but in recent years the computational techniques have been improved [99] 
The charge detectable in the avalanche depends on the potential difference Vo between the 
anode and the cathode as shown in figure 3 5 At very low voltages, charges can be collected but 
recombination is still the most important process The region of full collection is referred to as the 
ionization chamber mode Above a certain threshold voltage т the multiplication process starts 
3.4. Amplification of Ionization 37 
250 500 750 
Voltage V0 (V) 
1000 
Figure 3.5: Gain-voltage characteristics for cylindrical coaxial counters, showing the 
different regions of operation [82,83]. 
because of the electric field becoming sufficiently strong close to the surface of the anode wire. 
Gains of the order of 104 — 105 can be obtained by increasing Vo above Vj, still with the detected 
charge proportional to the original ionization charge. This proportionality is possible to the extent 
that the avalanche-induced charges of the electric field remain negligible compared to the field of 
the wire. However, this proportionality is gradually lost, if Vo is increased, as a consequence of the 
space charge building up around the wire and causing electric field distortions. A further increase 
of the voltage also gives rise to the increase of the electric field near the tail of the avalanche, 
which originates from the positive ions. This situation leads to the following avalanche processes, 
which are dependent on the behaviour of the photons: 
• The photons in the avalanche produce new ionizations near the position of their creation, 
including in the tail of the avalanche, if the photoabsorption of the quench gas is very 
strong. A phenomenon known as streamer sets in. It is a backward-moving amplification 
process: a series of avalanches whose inition points move further and further away from the 
anode [77,78,100]. 
If the absorption of the gas is so low that the ionizing photons can travel distances of the 
order of the tube dimensions, then avalanche processes may develop along the full length of 
the counter tube. The discharge has to be terminated through the electric circuit. The size 
of the signal is, therefore, independent of the original ionizing event. The counter is said to 
be in the Geiger-Müller operation mode [101]. 
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• If the amount of quench gas is insufficient the photons can reach the cathode and ionize 
the material The electrons escaping the cathode will cause a new avalanche "copying" the 
original avalanche This iterative process of decreasing amplitude is called after pulsing 
3.4.2 Amplification Factor in the Proportional Mode 
Consider a single electron which drifts in the strong electric field of a cylindrical proportional 
counter An ionization encounter may occur when this electron gains an energy m excess of the 
ionization potential of the gas molecules The inverse of the mean free path for ionization, the 
first Townsend coefficient a, represents the ionization probability of a drifting electron per unit 
length of drift path No fundamental expression exists for α and it has to be measured for every 
gas mixture for a range of electric field strengths 
The increase m the number of electrons in an avalanche during a drift distance άτ is given by 
^ = oc(r)dr (3 20) 
The amplification factor or gain G can be deduced from (3 20) as the total avalanche will develop 
in a region between r
m i n = rQVo/VT (the minimum distance from the wire where the electric field 
is high enough to start the multiplication) and rQ (the radius of the anode wire) 
NJ ƒ a(r)dr 
G = — = e '».. , (3 21) 
No 
where N 0 and N is the initial and final number of electrons, respectively The Townsend coeffi­
cient α smoothly increases with increasing electric field E, but also depends on the gas pressure ρ 
The ratio α/ρ is a unique function of E/p over a wide range of E and ρ and can be approxi­
mated [ 100] by the expression 
^ = ae-
b
*
/ E , T )
 (3 22) 
Ρ 
The values of the coefficients α and b are given in table 3 2 for Ar and C0 2 The electric field at 
radius τ in a coaxial tube geometry is given by (3 19) The linear charge density λ on the wire is 
related to the voltage V0 applied between the anode and cathode as 
λ V o
 (3 23) 
2πε0 ln(Tc/TQ) 
with the cathode at radius r
c 
The reduced Townsend coefficient α/ρ is shown in figure 3 6 as a function of the reduced 
electric field E/p for several Ar/C02 mixtures Also Kowalski [102] reports about the gam of 
several Аг/С02 mixtures 
Variations can occur in the multiplication process depending on the following items [77] 
• The gas pressure ρ and, therefore, the density ρ ^ ~ —(6 7 ± 1 5 ) ^ 
• The local charge density on the wire λ ^ « +(15 ± 5 ) ^ , which is influenced by 
3.4. Amplification of Ionization 39 
Gas α b 
[cm-1 Τοπ-1] [Vcm-'Ton-'] 
Ar 
C0 2 
12-14 
20 
180 
466 
Table 3.2 Parameters α and b which occur in (3 22), the reduced Townsend coefficient 
formula 
200 400 
E/p (V/cm/Torr) 
600 
Figure 3.6 The reduced Townsend coefficient as a function of the reduced electric field 
for d few Ar/COi mixtures [103] 
о the edge of the chamber where the wire is supported [104] (G —+ 0), 
о mechanical imperfections m the geometry [105], 
о space charge near the wire, which depends on the ion velocity and the particle flux (a 
typical gain drop of 50 % occurs at rates of the order of 104 counts s" ' mm - 2 [93] 
• The electron diffusion in the gas [106] 
The gas amplification process is a stochastic process and thus the actual gain for one single 
electron fluctuates The empirically found Curran distribution [107], in the non-uniform electric 
field of a cylindrical proportional counter, deviates from a pure exponential form and shows 
a pronounced maximum and a reduced dispersion This Curran distribution coincides with a 
particular case ( m = §) of the Polya distribution [108] 
τη" 
χ = 
„ m - l . (3 24) 
which has a mean value of 1 and a variance of τη" ' The fluctuations around the average value 
of G can be expressed by the probability to find a gas multiplication of xG given by P
m
(x) In 
this model, the probability for an electron to ionize gas molecules is related to the total number of 
electrons already created in the avalanche 
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3.4.3 The Signal Development 
The charges drifting between the electrodes of a gaseous detector give rise to electrical signals 
which can be registered by amplifiers connected to the electrodes The anode signal provides 
the drift time information of the initially created electrons from their creation point to the wire 
Via the space-time relation the position of the track - perpendicular to the wire - of the incident 
particle can be reconstructed The cathode can be subdivided into separate segments in order to 
measure the coordinate of the incident particle along the wire The size of the signal created in 
each segment will depend on the distance between the avalanche and the segment in question 
3.4.3.1 Signal Generation on the Anode 
The anode signal will be discussed with an emphasis on the time development of the signal, since 
the timing information eventually determines the reconstructed track position 
Typically, the entire gas amplification process will start at a distance of a few wire radii from 
the anode surface and will develop in a fraction of a nanosecond The electrons created in the 
avalanche are collected at the anode wire virtually instantaneously as they are created in the vicinity 
of the wire where a strong electric field exists This charge (Q
e
) coincides with the charge induced 
by the cloud of positive ions The distribution of this charge along the wire develops in time as 
the ion cloud drifts away from the wire The signal from an anode wire in a proportional counter 
originates from the time development of this induced charge 
In the case of a cylindrical proportional chamber (equations (3 19) and (3 23)) and under the 
assumption that the ion cloud is point-like, the relation between the charge induced on the wire 
(Q
w
) and the position r of the ion cloud can be expressed as [82,109] 
Qw(r) = Qc ln(T/r„) 
MTC/TQ) (3 25) 
where rQ and rc are the anode and cathode radii, respectively Obviously, the position of the ion 
cloud is a function of the drift time The charge can be measured and is a possible tool for finding 
the relation between τ and t This position-time relation can be found by integrating the drift 
velocity (3 7) with respect to time Again, for a cylindrical coaxial counter this results in 
r(t) t 
rdr = , Γ ," , dt or 
α) J 1п(т
с
/г
а 
о 
r(t)
 = \Ш^ + Т° (326) 
The total drift time for ions t t o t can be obtained from the condition τ ( t t o t ) = т с For a typical pro­
portional drift tube (r0 = 30 μπι, тс = 5 mm, and for an Ar/C02 = 70/30 % mixture * ' V0 = 1850 V 
and μ
ε ο + = 1 47cm
2
 s~' V - 1) the total drift time for COj ions is 235 ця This is three orders 
of magnitude larger than the total drift time for electrons in the same configuration 
# 1 T=20°C p = l atm 
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The charge signal registered by the anode amplifier is obtained by the substitution of rela­
tion (3.26) in (3.25): 
Qw(t)= , Q e . . ln(t/t
c
 + 1) (3.27) 
21п(т
с
/т
а
) 
with a characteristic time expressed as: 
_ т^1п(т
с
/т
а
) 
C
" 2μΥ0 ' 
(3.28) 
which, for the typical proportional drift tube mentioned earlier, is: t
c
 = 8.5 ns. 
The generated electric signal originates from a potential drop across the counter. Two extreme 
categories of signal treatment can be distinguished. On the one hand, the original potential is 
re-established through a fast charge flow. This is referred to as a current signal. On the other 
hand, charge flow is prevented and the persistent potential drop is detected as a voltage signal. In 
the limit of the current signal, i.e. the initial rise-time of the signal is large compared to the time 
constant τ = RC of a pulse differentiation network, the current that flows through R is described 
by: 
I ( t ) = dO^t) = Q e _ L · . ( 3 . 2 9 ) 
v
 ' dt 21n(T
c
/rQ) t + t e 
In general, the shape of a resulting pulse will depend on the specific drift situation. Usually it will 
be a superposition of individual signals because each of the drifting primary electrons, arriving at 
the wire shifted in time, will give rise to its own avalanche. 
3.4.3.2 Signal Generation on the Cathode 
Some (gaseous) detectors use the cathode subdivided into separate segments with independent 
signal readouts for the purpose of avalanche localization. This is possible as the signal created 
in each segment depends on the distance to the avalanche, whereas the time dependence of these 
signals will be about the same for each segment. Analytical approaches to the computation of 
charge signals on parallel cathode segments for a Multi Wire Proportional Chamber (MWPC) have 
been reported before (e.g. [77,110,111]). 
The special case of avalanche localization through charge distribution over the strips of a 
Honeycomb Strip Chamber is treated in the next section. 
3.5 Honeycomb Strip Chamber 
3.5.1 Principle and Construction 
In this section a solution to amplify the energy deposited by an incident particle, resembling the 
cylindrical coaxial geometry, will be discussed. A thin metal anode wire is strung along the axis of 
conducting hcxagonally shaped cathode rings in the geometry of the Honeycomb Strip Chamber 
(HSC) [112]. The basic constituents of an HSC are shown in figure 3.7. This configuration is 
essentially identical to a proportional drift tube because the gap between adjacent cathode rings 
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Anode wire Ionizing particle 
Cathode strip 
Figure 3.7 The principle of the Honeycomb Strip Chamber The magnitudes of the 
induced signals (indicated by the arrows) from three adjacent hexagonal cathode nngî 
around the wire are a function of the coordinate of the track position along the anode 
wire (see section 3 5 3) 
is sufficiently small The processes of ionization and amplification have been discussed for a 
cylindrical geometry, but the results are also applicable to this geometry 
The elements required to construct an HSC are shown in figure 3 8a The folded foil is equipped 
with metal strips with an orientation perpendicular to the folds A single-layer HSC is produced 
by joining (glueing or ultrasonic welding) two such foils - with the metal strips facing each other-
interleaved with a wire plane 
An insulating flat film acts as an additional support and is a possible base for a next layer 
The single layers of HSC cells can form a multi-layer HSC structure in the geometry shown in 
figure 3 8b The odd numbered layers are shifted by half a cell pitch with respect to the even 
numbered ones, to achieve full coverage The stack of HSC drift tubes formed in this way can 
determine a trajectory segment of an incident particle in directions both along and perpendicular 
to the wire 
3.5.2 Drift Time Measurement with the Anode Wire 
The distance travelled by the primary electrons between the particle's track and the anode wire can 
be deduced from the measured drift time, provided the drift velocity (besides a start time taken 
from an external source) is known This measurement thus provides the coordinate of the passage 
of the incident particle perpendicular to the anode wire This method is powerful in terms of the 
achievable accuracy, because the electronic measurement of the drift time can often be better than 
the fundamental limits imposed by the properties of the ionization signal itself Some experimental 
results will be discussed in section 5 3 4 
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Figure 3.8: a) The elements necessary for the construction of the HSC. Two folded foils 
(only the bottom foil is shown) with conducting strips are interleaved with a wire plane, 
forming a single layer. A fìat film provides additional stiffness and can act as a base 
for the adjacent layer of HSC cells, b) A multi-layer HSC structure with the flat films 
between the cell layers. 
3.5.3 Charge Ratio Measurement with the Cathode Strips 
A segmented cathode provides the possibility of avalanche localization through measurement of 
the charge distribution. The shape of this distribution on the segmented cathode is exclusively a 
function of the position of the drifting ion cloud, i.e. of the trajectory of the incident particle, and 
of the geometry of the cell. In the situation of the HSC the ratios Qm_i /Qm and Q m + i / Q m of 
pulse heights on the cathode strips are determined (see figure 3.7). 
Just as the drift time measurement this method can deduce one coordinate of the particle's 
track with a high accuracy. Other methods to obtain the coordinate along the wire of the incident 
particle exist and rely on measurements at both ends of the anode wire: 
• the pulse height ratios, 
• the difference in arrival times of the pulses. 
The latter two methods are merely mentioned here, whereas the method of the pulse height 
distribution on the segmented HSC cathode will be discussed further in section 5.3.4, where 
experimental results are presented. 

4 
Tracking Calorimeter 
Experimenters don't come in late - they never went home [ I ] 
4.1 Introduction 
One often has to determine the energy of a (subatomic) particle or of a group of particles Within 
the field of high energy physics energy measurement devices are known as calorimeters Such 
a detector consists of dense material of thickness sufficient to cause an incident particle to fully 
deposit its energy. This energy is lost through a cascade of progressively lower energy particles, 
called a shower 
In a good calonmetry device a fixed fraction of the deposited energy is transformed into a 
measurable signal, e g. scintillation light, Cerenkov light or ionization charge This signal is 
proportional to the initial particle energy. 
The most important general characteristics of a calonmetry device are listed below [ 113-115] 
• The energy resolution expressed as ΔΕ/Ε improves with increasing energy, as the measured 
signal is proportional to E. This in contrast to the precision of momentum (p) measurements 
based upon the deflection of the particle in a magnetic field which scales with yfp 
• A calorimeter is sensitive to both charged and neutral particles. 
• The size needed to contain the total shower increases logarithmically with the energy of the 
incoming particle(s). 
• Measurement of position and angle of the incident particles is possible through segmentation 
• Particle identification is possible due to differences in response (lateral shower dimension, 
penetration depth) to electrons (or photons), muons and hadrons 
The development and the size of a shower, and the precision of the energy measurement 
show a dependence on the type of incident particle Concerning the shower a distinction can be 
made between an electromagnetic and a hadronic shower. Electromagnetic showers have only 
a few types of processes which contribute to the energy deposition and signal production. The 
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underlying physics has been understood for many years In hadronic showers the energy resolution 
is inferior to that of electromagnetic showers due to a wide variety of possible interaction processes 
contributing This can be understood through fluctuations of the relative abundance of these 
processes and through varying response of the calorimeter to these different processes Recently 
the understanding of shower development has been improved with the aid of simulation programs 
In practice, one distinguishes a homogeneous and a sampling calorimeter A homogeneous 
calorimeter is made of a single kind of material which both absorbs the particle and generates a 
detectable signal Some typical examples of these homogeneous, high density, active media are 
Nal and BGO (Ве4ОезОі2) Homogeneous calorimeters are in general used for the detection of 
purely electromagnetic showers However, they do not have enough stopping power for hadronic 
showers to be fully absorbed within a reasonable depth A different type of calorimeter was 
therefore designed in order to fully absorb these hadronic showers the sampling calorimeter A 
sampling calorimeter consists of alternating passive and active layers of different materials The 
signal is produced within the active layer through ionization In general, sampling calorimeters 
are built with heavy (high-Z) passive absorbers such as iron, lead or uranium, while the active 
layers are made of plastic scintillator, dnft- or streamer chambers, or liquid argon A segmented 
readout in both longitudinal and transverse direction is possible 
4.2 Sampling Calorimetry 
The stack geometry and the physical properties of the passive absorber and of the active detector 
material determine the mam physical characteristics (e g energy resolution) of the sampling 
calorimeter 
Due to the fact that the showers are sampled at a limited number of positions, fluctuations 
(sampling fluctuations) will occur in the measured signal The three major contributions to the 
fluctuations are the intrinsic sampling fluctuations, the Landau fluctuations and the path length 
fluctuations Only a certain fraction of the charged shower particles really contribute to the 
signal The fluctuations in the total number of particles in the active layers are related to as the 
intrinsic sampling fluctuations When secondary charged particles lose an amount of energy in 
a single collision which is large compared to the mean energy loss in a single sampling this is 
been referred to as Landau fluctuations The path length fluctuations are due to the wide spread of 
angles, when secondary charged shower particles pass through the active layer The fluctuations 
induce an uncertainty in the energy measurement that translates into a finite energy resolution of 
the calorimeter The energy resolution of a sampling calorimeter will be discussed later in this 
chapter 
The sampling fraction s is defined as the fraction of the energy deposited in the active layers 
The sampling fraction depends both on the calorimeter dimensions and applied materials as on the 
incident particle type The parameterization is indicated in relation (4 1) and can be regarded as 
the conversion efficiency of the calorimeter 
L Q b s L t-vis Ι "Γ t l T m s I 
with г index of shower component (e g electrons, protons, pions), 
Eobs ι total energy deposited in the calorimeter by shower component г, 
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Evis.i : visible energy in sensitive layer of shower component i, 
Evnvis.i · invisible energy in absorber layer of shower component i. 
The mass ratio of active and passive materials in the calorimeter provides a good estimate of the 
sampling fraction. Typical values are 5—10 % for scintillator-based calorimeters and ~ 10 - 4 % for 
gaseous active layers. 
The energy loss of pions in copper has already been shown as an example in figure 3 1. A 
particle with a minimum energy loss is referred to as a minimum ionizing particle. The relative 
sampling fraction s\ is then defined as the sampling fraction s
v
 of a particle, normalized to the 
sampling fraction s
m
iP of a minimum ionizing particle, i.e. Si = s v/sm i p. 
4.3 Electromagnetic Showers 
4.3.1 Interaction Processes 
When a primary electron, positron or photon enters a calorimeter it loses energy via creation of 
secondary electrons, positrons and photons. 
π — I V ι ι ι 1111 1 — ι — I I I I I II 
P o s i t r o n s 
τ I I I I I I I 
Lead (Z = 82) 
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Figure 4.1 : Fractional energy loss for electrons and positrons per unit of radiation length 
m lead as a function of their energy The development of electron-photon cascades is 
almost independent of absorber when the results are expressed m terms of inverse 
radiation lengths [8]. 
For these shower particles, a number of processes that play the most important role in the 
way that the particles gradually lose their energy is listed below The fractional energy loss for 
electrons and positrons and the interaction cross sections for photons are shown in figure 4.1 and 
figure 4.2, respectively. 
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' ρ е. : Atomic photo-effect (electron ejection, photon absorption) 
Cohérent = Coherent scattering (Rayleigh scattering, atom neither ionized nor excited) 
incoherent = Incoherent scattering (Compton scattering off an electron) 
KM = Pair production, nuclear field 
Ke = Pair production, electron field 
Onudear = Pholonuclear absorption (nuclear absorption, usually followed by neutron emission) 
Figure 4.2: Contributions of different processes to the total photon cross sections in 
carbon and lead, as a function of energy [8]. 
• Bremsstrahlung 
Radiation emitted when an electron or positron is scattered in the Coulomb field of a nucleus. 
The emitted photon carries a relatively small fraction of the energy, whereas the electron is 
only scattered at a small angle. The energy of the Bremsstrahlung photon depends on the 
strength of the Coulomb field, which in tum depends on the Ζ of the absorber material. The 
energy loss per unit length is proportional to Z2. 
• Ionization loss 
If the energy transfer is sufficient, inelastic scattering of the electron can cause the excitation 
or ionization of the atom. The ionization energy loss per unit length is proportional to Ζ In Z. 
• Photoelectric effect 
An electron of the atom completely absorbs the energy of the photon, resulting in the 
ionization of the atom. The cross section for this process is proportional to Z 5. 
• Rayleigh scattering 
The situation in which the photon just scatters from atomic electrons without exciting or 
ionizing the atom is called coherent or Rayleigh scattering. 
• Compton scattering 
The photon can lose a certain fraction of its energy by incoherent scattering with atomic 
electrons. The cross section for this scattering process is proportional to Z. 
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• Pair production 
A photon can create an electron-positron pair in the field of a nucleus or an electron. The 
threshold of this process is 1.022 MeV, i.e. twice the rest mass of the electron. The cross 
section is proportional to Z2. 
• Photonuclear absorption 
A nuclear reaction where the photon is absorbed by the atomic nucleus. It is most important 
in the region of the 'giant nuclear resonances' (10 — 25 MeV) and is frequently accompanied 
by the emission of a neutron. 
The dependence of these interaction processes on the energy of the incident particle and on the 
electron density of the absorber medium (given by Z) is shown in figure 4.3. 
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Figure 4.3: The cross sections for the photoelectric effect, Compton scattering and 
pair production as a function of the incident photon energy in carbon (a), iron (b) and 
uranium (c). The fractional energy loss by ionization and Bremsstrahlung as a function 
of the electron energy in carbon (d), iron (e) and uranium (f) [116]. 
It can be noted that going from high to low energy, different processes are of main importance. 
For high energies, Bremsstrahlung and pair production are the dominant effects and cause particle 
multiplication. As long as the energy is above a certain threshold value, the critical energy c
c
, 
these processes remain dominant, causing an increasing number of particles in the shower. For 
electrons, the energy loss through ionization becomes important below this critical energy. From 
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this stage on, the number of shower particles will diminish rapidly as they will be absorbed before 
further multiplication can occur The failure to distinguish between gases and liquids or solids 
has limited the accuracy of approximate forms for cc. The density effect causes a substantial 
difference in ionization at the relevant energy The best empirical approximation for the critical 
energy is [8]· 
"{ 
610 
Z+l 24 
710 
Z+0 92 
[MeV] for solids or liquids, 
(4.2) 
[MeV] for gases. 
The number of particles in a developing shower is at its maximum when their average energy 
is of the order of £c. To achieve an almost material-independent description of the longitudinal 
shower development, the radiation length Xo is introduced. The equation for energy loss per unit 
length by radiation provides the definition of this radiation length: 
E = E0 e~x/x° , (4.3) 
where E0 is the energy of the incident particle Thus, Xo is the mean distance over which the 
energy of a high energy electron is reduced by a factor e by Bremsstrahlung. It is the appropriate 
scale for describing high energy electromagnetic cascades. 
Since, theoretically, pair production by high energy photons is related to Bremsstrahlung of 
charged leptons, the typical distance scale of this process is related to the radiation length of a 
material It can be shown [74] that the mean free path of a photon for pair production equals 9/7 X¡¡. 
The expression for the radiation length is [74,117] 
1
 = 4 c ^ r c 2 [z2{Lrad - f (Ζ)} + Z U j , (4.4) 
with the Coulomb correction function [118], 
f(Z) = , f a ¿ L 7 + 0.20206(αΖ)2 - 0.0369(αΖ)4 1 + (αΖ)2 
+ 0.0083(αΖ)6 - 0.0020(αΖ)\ (4.5) 
and (for Ζ > 4); 
L
rad = 1η(184.15Ζ-1/3) 
L'
rad = ln(1194Z- 2 / J ). (4.6) 
where Ζ and A represent the atomic number and atomic mass of the material * \ respectively. 
Other quantities mentioned can be found in appendix A. 
It should be noted that there is a strong Z-dependence of the radiation length and, therefore, of 
the dimensions of an electromagnetic shower. Using (4.4), the radiation length of lead (Z = 82) 
is 5.6 mm, while that of aluminium (Z = 13) equals 88.9 mm Usually, electromagnetic shower 
detectors are constructed from high-Z materials. 
* ' The effective atomic number and mass in a composite system are defined as Z
e
ff = 21 w t Ζλ and Aef f = ¿^ w , A u 
respectively, where the weights are calculated with vi\ = n . A, / £ η , Ai and where n
v
 is the number of atoms of 
component г 
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4.3.2 Shape of the Particle Shower 
The mean longitudinal profile of the energy deposition in an electromagnetic cascade can be 
parameterized by а Γ distribution [119]: 
dE ( b t ) ° - y * 
d ï - E o b Γ(α) ' ( 4 J ) 
where Ъ » 0.5, Ео represents the primary particle energy and t is the depth measured in units 
of X0. The energy distribution profile is well described by (4.7) with 
tmax = — ¡ — = In — + c¡ (j = e, γ) , (4.8) 
b e
c 
where t
m a x
 (in units X0) equals the position of the shower maximum and with ce = —0.5 for 
electron-induced cascades and c y = +0.5 for photon-induced cascades. The calorimeter length 
t0.98, i.e. the length needed to contain 98 % of the incident energy, is approximately equal to: 
to.?8-3(t
m Q X + 1.5) [X0]. (4.9) 
The maximum occurs deeper in the material for high-Z than for low-Z materials, since, according 
to (4.4), particle multiplication in the high-Z medium continues down to lower energies. Moreover, 
beyond its maximum the shower energy deposition in the high-Z material diminishes at a lower 
rate than in a low-Z absorber. Hence, the total length of the shower (in units X0) is largest in a 
high-Z medium. 
The lateral spread of an electromagnetic shower is caused by: (i) the multiple Coulomb 
scattering of the electrons in the absorber and (ιϊ) due to the large distance that Bremsstrahlung 
photons can travel away from the shower axis (especially in the energy region where the total cross 
section is minimal), in particular if they are emitted by electrons that themselves travel under a 
considerable angle with this axis. Electron multiple scattering dominates in the early stages of the 
shower development, while the second process is predominant beyond the shower maximum. 
The Molière radius RM is a measure of the average deflection experienced by electrons during 
multiple scattering near the critical energy after travelling one X0. The transverse development 
of a shower in different materials scales fairly accurately with this Molière radius, which is given 
by [74,120,121]: 
R M = X O — [g/cm2], (4.10) 
where Es (appendix A) is a constant appearing in multiple scattering theory. Only 10 % of the 
energy lies outside a cylinder of radius RM. About 99 % is contained within 3.5 RM, but at this 
radius, and beyond, material effects become important and the scaling with RM fails. The best 
possible description of the transverse shape is by a double exponential function: 
d i
 = Ale-W/B· + А2е-И/
В>. (4.11) 
dT 
The first exponential describes the core, whereas the second parameterizes the tail of the shower 
shape, so that Bi < B2. The energy in the core is larger than in the tail, hence A) > A2. 
52 4. Tracking Calorimeter 
4.3.3 Energy Resolution 
The shower that actually develops within the calorimeter depends on the incident particle type, 
its energy and its angle of incidence Moreover, the spatial distribution and nature of the passive 
and active layers will influence the shower development The response of a given detector to two 
identical particles will differ because of statistical fluctuations m the shower development 
Within the simple model that charged particles travel one X0 before their next interaction, there 
exists a linear relationship between the average total track length ( Ltrack ) (measured in units of 
X0) and the average number of charged particles Arnaldi [122] showed that the average total 
track length is reduced by a certain factor This factor accounts for the shortening of the effective 
detectable length due to the cutoff energy, ι e the minimum kinetic energy of an electron that can 
be detected within the calorimeter 
When a sampling calorimeter is used, the average detectable track length of an electromagne­
tic shower is a more interesting quantity This detectable track length is composed of the track 
length of charged particles that cross the individual active layers of the calorimeter The average 
number of charged particle crossings (or samplings) Ns is used to determine the energy deposit 
By counting the number of tracks in the individual crossings under the assumption that (i) these 
crossings are independent (which implies that d should not be too small) and (ii) their number Ns 
follows a normal distribution, the energy measurement is possible with an RMS error which is due 
only to sampling fluctuations [115] 
№ i « J_ « J d (4 12) 
with c
c
 m MeV, E in GeV and d (in units Xo) the thickness of one passive absorber plus one 
active detector layer of the sampling calorimeter The factor d / {cos θ ) represents the effective 
thickness of a layer for a track forming an angle θ with the shower axis The average angle θ is 
about equal to Es/πε,; 
The active material in a calorimeter is either liquid or solid (relative high density) or gaseous 
(low density) In both cases other sources of fluctuations besides the sampling fluctuations have to 
be considered The Landau and path length fluctuations dominate the behaviour of gas proportional 
calorimeters, while contributing only minor corrections to the sampling fluctuations in the case of 
liquid or solid detectors 
The tail of the Landau distribution is such that the contribution to the total energy resolution 
of N
s
 crossings is not quite proportional to N s - , / 2 , but for an order of magnitude estimate a good 
description is given by [113] 
(«W\ « J I (4 13) 
Ι E íu** VÑ7M13 10<EVIS)· ( > 
where Evls in MeV gives the energy loss per active detector layer 
As do the Landau fluctuations, the path length fluctuations contribute more to the energy 
resolution in a gaseous than in a liquid or solid active medium The reason for this is twofold 
(ι) the cutoff energy is much smaller in gas and electrons that move along a sensitive layer leave 
much more energy than electrons which travel perpendicular to the active layer, (н) multiple 
scattering is larger in a dense layer than in a gaseous detector, so that electrons tend to be scattered 
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out of the dense layer with a corresponding reduction of the path length and, therefore, of its 
fluctuations It can be deduced from figure 4 4 that path length fluctuations may contribute as 
much as Landau fluctuations to the total energy resolution in sampling calorimeters with low 
density (gaseous) sensitive layers The energy resolution will be worse by a factor of ~ 2 due to 
these fluctuations 
4 8 
E (GeV) 
Figure 4.4 Contributions of sampling, path length and Landau fluctuations to the 
energy resolution of a lead/MWPC sampling calorimeter The last two effects give 
similar contributions (~ 12% at E = 1 GeV) which, combined quadratically with the 
sampling fluctuations C~ 7%), account for the overall resolution (~ 18%) [123] 
Fischer has shown [123] that the resolution can be improved by eliminating the contributions 
to the ionization in gas beyond a certain distance from the shower axis This can be achieved 
either by introducing walls to stop low energy electrons (as already partially occurs if proportional 
wire tubes are used instead of proportional wire chambers) or by an active cut on the measured 
distribution of the energy deposited in the gaseous detector 
In general, the energy resolution can be defined through the relation 
o-(E) 
QEM \ F (4 14) 
where ÜEM £ [0,1 ], d in units of X<> and E in GeV is the incident particle energy Numerous com-
parisons (listed in [113,122]) between experiment and simulation have been performed yielding 
good agreement in several types of electromagnetic sampling calorimeters 
4.3.4 Sampling Calorimeter Response 
As mentioned before, the sampling fraction depends not only on the materials used in a sampling 
calorimeter but also on its layer thicknesses Furthermore, it has been pointed out that it is 
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convenient to compare the detector response (i.e. the average signal per unit of deposited energy) 
of several different particles within the shower (usually not the same and changing with incident 
energy) to its response to a minimum ionizing particle. For instance, it is instructive to compare 
the calorimeter response to an electron with its response to a muon by comparing s
e
 to §μ (as 
defined in section 4.2). 
Especially in calorimeters with high-Z absorbers and low-Z sensitive layers it is found ex­
perimentally that s
e
< 1. This in contrast with what would be expected, since a signal from 
an electromagnetic cascade stems from the ionization of the sensitive material by the electrons 
and positrons, and thus likely to behave like a mip. The quantity s
e
 decreases with increasing 
ratio Z p a s / Z a c t . 
Most of the energy is deposited in the calorimeter by soft electrons (with energy less than 
¿c). However, a majority of these electrons does not contribute to the signal for the following 
reason. Only the soft shower electrons (mainly produced by photons via the photoelectric effect) 
generated in or near the sensitive material give rise to a signal. The range of 0.1 —1 MeV electrons 
in the material is less than a millimeter. Since the Z5 dependence of the cross section of the 
photoelectric effect is stronger than the proportionality to Ζ of the cross section of ionization 
loss by charged particles, the energy loss of photons will predominantly take place in the high-Z 
absorber. Effectively, the calorimeter is less efficient at detecting the low energy part of the shower, 
which is the major part. The high energy particles are sampled as minimum ionizing particles, 
but they are fewer in number. Hence, the average calorimeter response to a mip is larger than 
the response to the electromagnetic shower. A typical calorimeter with a high-Z absorber has a 
relative electromagnetic sampling fraction of s
e
 ~0.6 [124]. 
4.4 Hadronic Showers 
4.4.1 General Attributes 
As discussed in chapter 1, when penetrating material hadrons not only undergo electromagnetic, 
but also nuclear (strong) interactions. The enormous variety of these processes makes a hadronic 
shower more complicated to describe and more difficult to predict than an electromagnetic shower. 
However, the cascade idea of increasing multiplicity followed by energy loss and dying out 
remains valid. In this case, the cascade is created by successive inelastic hadronic interactions of 
secondary particles with nuclei of the passive material. This results in a wide spectrum of hadrons, 
of which the relative fractions depend weakly on the incoming hadron energy. 
The development of a hadron shower in a calorimeter can be described by the following 
physical processes: 
• The production of charged particles (e.g. π*, Κ*, ρ), which lose their energy mainly through 
ionization of the medium until they undergo further strong interactions. 
• The production of neutral particles (e.g. π° and η), which have decay products whose 
energy loss will purely go via electromagnetic channels. They, therefore, give rise to an 
electromagnetic component within the hadronic shower. 
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• The production of neutral hadrons which only undergo strong interactions (or decays). These 
particles, such as KL and n, can leave the calorimeter undetected if no strong interaction 
occurs. 
• The production of neutrinos and low energy fragments, such as α particles, which, in general, 
remain undetected. Also particles produced in the tail of the shower have a large probability 
to leak out of the detector. 
• The production of excited nuclei. De-excitation channels for such nuclei to reach their 
groundstate are: releasing low energy photons, nucléons or fragments of nuclei, or spallation 
(fission). 
The response of a calorimeter to a hadronic shower is usually less than to an electromagnetic 
shower due to the involvement of nuclei. This can mainly be explained by the fact that in a nuclear 
collision in a heavy material many charged hadrons and nuclear fragments are produced which 
do not leave the absorber, i.e. do not reach the sensitive detector layer. In addition, part of the 
energy goes into nuclear binding energy or escapes undetected in the form of neutrinos. Since in 
hadronic showers the resolution is mostly determined by the huge variety of nuclear interactions 
that can occur, the energy resolution of a hadron calorimeter is in general inferior to that of an 
electromagnetic calorimeter. Furthermore, each hadronic shower has a different electromagnetic 
component. The implications for the energy measurement will be discussed in sections 4.4.3 
and 4.4.4. 
4.4.2 Dimensions of the Particle Shower 
Because of the similarity in shower character of electromagnetic and hadronic cascades it can easily 
be deduced that the hadron shower dimensions can be described by a parameter analogous to the 
radiation length for electromagnetic interactions. The parameter which governs the longitudinal 
and lateral development of a hadronic shower is the nuclear interaction (absorption) length A,m 
and can be interpreted as the mean free path between hadron interactions [52,122]: 
Ai„t = r ^ - [g/cm2], (4.15) 
NAo\ 
where A as before represents the atomic mass of the absorber material and σ
ν
 equals the inelastic 
cross section, which is largely independent of both the energy and the type of the incident hadron. 
The interaction length, as well as some other useful quantities, are listed for a number of relevant 
materials in table 4.1. 
The position of the maximum of a shower initiated by an incident hadron, in units of A,
nt from 
the entrance face of the calorimeter, is described by [113]: 
t
m Q X = 0.21nE + 0.7 [λ ι η 1 ] , (4.16) 
where E is the energy in GeV of the incident particle. The depth for 95 % longitudinal containment 
of a hadronic shower is given by the following empirical expression [113]: 
t o 9 5 « t
m Q X + 2.5E
0
·
13
 [A i n t], (4.17) 
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Material 
Beryllium 
Aluminium 
Iron 
Copper 
Lead 
Argon (g) 
Carbondioxide (g) 
Ζ 
4 
13 
26 
29 
82 
18 
7 45 
A 
9 01 
26.98 
55.85 
63.55 
207.19 
39.95 
14.91 
Ρ 
[g/cm3] 
1.85 
2.70 
7.87 
8.96 
11.35 
1.782 IO"3 
1.977-Ю-3 
е
с [Ме ] 
116.41 
42.84 
22.39 
20.17 
7.33 
37.53 
84 78 
Хо 
[g/cm2] 
65.17 
24.01 
13.84 
12.86 
6.37 
19.55 
36.18 
RM 
tg/cm2] 
11 87 
11.88 
13.11 
13.52 
18 43 
11 05 
9 05 
λ
ι Τ
ι ί 
[g/cm2] 
75.2 
106 4 
131.9 
134.9 
194.4 
117.2 
89.9 
Table 4.1: Important quantities to describe shower dimensions for a number of rel­
evant (calorimeter) materials used m the experimental setup (see section 4 5). The 
relations (4 2), (4.4), (4 10) and (4.15) are used to compute the numerical values. The 
gaseous media are evaluated at STP, whereas for a composite material its effective atomic 
number and mass are used [8,117]. 
which implies that 4.5 Ämt is needed to contain a shower produced by a 10 GeV incident hadron 
and increases to 7.1 λ
ι η 1 for a 300 GeV hadron. 
In analogy to an electromagnetic shower, the best description for the transverse hadronic 
shower dimensions is again by a sum of two exponentials, one for the core and another one for 
the tail of the shower (according to (4.11)). The lateral shower distribution has a narrow core 
(0.1 —0.5 Aint FWHM) which increases with depth. Moreover, 95 % of the shower is contained 
radially within a radius of one λ
ι π ί
. The hadron calorimeter can be used to distinguish between 
hadron and electron showers if a large difference exists in both longitudinal as transverse shape of 
the showers. This can be accomplished with high ratios A
mt/Xo and A I T U /RM· 
4.4.3 Calorimeter Performance 
Here, the components which contribute to the signal of a hadron calorimeter and the factors which 
affect its performance are discussed. The signal linearity and the energy resolution are the most 
important features, to be discussed in this and the next section. Both are decisively dependent on 
the relative response to the electromagnetic and the non-electromagnetic shower components, the 
so-called e/h ratio. 
4.4.3.1 The e/h Signal Ratio 
As was mentioned above, the hadronic shower also contains an electromagnetic component (be­
cause of the production of π° or η particles). It has also been shown that the average detector 
response to these two different types of showers is not the same; a rather large fraction of 
the energy dissipated in the non-electromagnetic component remains undetected. The missing 
energy includes nuclear binding energy loss (to release nucléons from the nucleus), target recoil 
energy and the energy carried by neutrons, neutrinos and muons that escape detection. Hence, 
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the electromagnetic (e) response is usually higher than the non-electromagnetic (h.) one, yielding 
e / h > l 
The e/h signal ratio is energy-independent and can schematically be written as 
e se 
Г = -7—. , : - , , - , (4 18) 
with f l0n + fn + fr = 1 —flost Here fl07l, f„ and fr are the average fractions of the energy in 
the non-electromagnetic shower component deposited in the form of ionizing hadrons (π*, ρ), 
neutrons and nuclear photons, respectively The factor fi
o s l is the average fraction of purely 
hadronic energy that escapes detection in the calorimeter 
4.4.3.2 Calorimeter Response 
As can be deduced from relation (4 18), several factors contribute to the calorimeter response 
These factors will be discussed in this section 
• The response to high energy electron and photon showers (s
e
 ) 
The calorimeter response to high energetic electromagnetic interacting particles has been 
discussed in section 4 3 4 
• The response to nuclear photons (sy ) 
Large numbers of soft photons (energies below 2MeV) are produced in the non-elec­
tromagnetic part of the hadronic shower development from nuclear de-excitation, fission 
reactions, inelastic scattering and neutron capture Due to their low energy these photons 
will be detected inefficiently, just as soft photons from electromagnetic showers in sampling 
calorimeters with high-Z absorbers and low-Z active readout layers The average s
e
 value 
is therefore larger than sy A sy value of ~ 0 3 was found for a high-Z absorber calorimeter 
versus s
e
~0 6 [124] 
• The response to ionizing hadrons ( s l 0 n ) 
The efficiency s
v o n
 for the conversion of charged hadron ionization energy into a measurable 
signal is close to unity as the hadrons behave like minimum ionizing particles The deviation 
of this ratio from unity (related to a specific calorimeter) can be explained by 
о The §p value will be reduced due to the fact that the range of low energy (soft) protons 
is smaller than the thickness of the absorber layer 
о The sampling fraction for non-relativistic particles may be larger than the mip value 
(figure 3 1 ) The magnitude of this effect is strongly Ζ and energy dependent 
о Saturation or recombination effects in the sensitive readout material (particularly liquid 
argon or scintillators) reduce the response for densely ionizing particles, and hence the 
s l o n value 
о Multiple scattering, which scales with Z, decreases s l 0 n if Z p a s » ZQ C t for soft hadrons 
The combined effect of all these phenomena has been investigated [114,125] Thes l o n signal 
turned out to depend on the material combination, on the proton energy spectrum, on the sat­
uration properties of the sensitive layer material and on the thickness of the absorber layers 
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The s lon value ranges from ~ 0.8 for a saturating calorimeter to ~ 1.0 for a non-saturating 
one 
• The response to soft neutrons (sn ) 
Soft neutrons are the shower component most crucial for the hadron calorimeter response. 
The sampling fraction depends on nuclear characteristics of the calorimeter materials, e g. 
nuclear level structures and cross sections for individual reactions. 
The dominant energy loss process for soft neutrons is elastic scattering, although the sampling 
is rather inefficient due to undetectable recoiling target nuclei. However, if the calorimeter 
consists of an hydrogenous active material the situation changes completely. Hydrogen 
is well-known to be very efficient in thermahzing neutrons. The products of this process 
include recoil protons The protons are produced almost exclusively inside the sensitive 
material and contribute directly to the signal This results in a high sn value. 
Other important processes are e g neutron multiplication, neutron induced nuclear fission, 
inelastic scattering, and neutron capture. The latter only contributes to the signal when the 
readout gate width is large enough. 
• The non-electromagnetic shower part (fi0n, fn, fy) 
To be able to compute e/h, it is necessary to determine the fraction of the non-electromag-
netic energy deposited through ionization by protons (the major component of f l0n), the 
kinetic neutron energy (fn), and the total number of nuclear interactions (needed for fv). 
The fraction fr of energy dissipated by soft photons from nuclear de-excitation is small, in 
general 2 — 3%. However, for uranium this fraction is significantly higher because of fission 
photons. 
The fractions fvon and fn depend on the absorber material. Roughly speaking flon « Z/A, 
ranging from ~40% in uranium to ~60 % in iron 
In particular in a high-Z absorber is the neutron multiplicity m hadron showers in general 
larger than the proton multiplicity The reason for this is twofold (() in high-Z material 
there are more neutrons than protons available in the nuclei, (u) at low energies, the nuclear 
Coulomb barrier will prevent protons from escaping. The fraction ïn of total non-electro-
magnetic energy earned by neutrons with a kinetic energy below 20 MeV increases with 
ZQbs> te ~ 8 % for iron and ~ 15 % for uranium. 
The rest of the energy (fiost) 's invisible (binding energy, target recoil, nucleón aggregates) 
4.4.3.3 Compensating Hadron Calorimeter 
High energy calonmetry aims at the determination of shower energies with the highest possible 
accuracy Hence, an optimal hadron sampling calorimeter should exhibit equal response for the 
electromagnetic and the non-electromagnetic components of a hadronic shower (/ e e/h = 1 ) This 
corresponds to a fully -compensating calorimeter Most calorimeters used are under-compensating 
(e /h> 1), whereas over-compensating (e/h< 1 ) calorimeters hardly exist. 
The fluctuations in the electromagnetic fraction of hadronic showers in a non-compensating 
calorimeter influence the energy resolution in a negative way. This is shown more explicitly in 
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Figure 4.5 Schematic view of the signal (pulse height) distributions for purely electro­
magnetic (solid curvej and non-electromagnetic (dashed curve) shower components m 
a non-compensating (a) and a compensating (b) calorimeter 
figure 4 5 If a hadronic shower would consist of a pure electromagnetic or of a pure non-electro­
magnetic component, the signal distributions would appear as one of the curves in figure 4 5a for 
a under-compensating calorimeter and in figure 4 5b for a compensating one When the energy of 
the incident hadron is increased, the number of ionizations in the active layers which constitute the 
calorimeter signal will increase proportionally Therefore, the relative width of the distributions 
shown in figure 4 5 will decrease according to E~1/2 However, the average position of the 
electromagnetic and non-electromagnetic distributions remain the same 
As noted before, hadronic showers contain both components, in fractions varying from shower 
to shower, so that the actual response lies somewhere between the electromagnetic and the non-e­
lectromagnetic distributions The signal response would be close to the mean of the electromag­
netic distribution if the hadron shower consisted mainly of π° production On the other hand, 
the signal would be close to the non-electromagnetic mean if strong interactions dominated the 
hadronic shower Therefore, a wide variety in signal distributions will exist in a non-compensating 
calorimeter This source of fluctuations is eliminated in a compensating calorimeter The average 
signal distribution is then centred around the same mean value, independent of the electromagnetic 
fraction (figure 4 5b) 
The main effects of a non-compensating calorimeter can be summarized as follows 
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• The signal distribution for monoenergetic hadrons is not Gaussian 
• The energy resolution σ/Ε fails to scale with E" , / 7 (dominating at high energies) 
• The average calorimeter signal is not proportional (non-linear) to the incident hadron energy 
Obviously, a compensating calorimeter is favourable for high accuracy hadron detection 
4.4.3.4 Achieving Compensation 
Several methods can be utilized to make a calorimeter compensating The e/h. signal ratio depends 
on several parameters A number of these are shown in table 4 2 
Parameter 
Ζ of absorber * a + 
Fissile passive medium + 
Hydrogen content active medium + 
Saturation properties active medium (kB * b ) — 
Cross section for thermal neutron capture + 
Signal integration time * c + 
Thickness of active layers + 
Thickness of passive layers + 
Sampling fraction + 
Signal 
s
c
 s i o n S
n
 Sy 
+ 
+ + 
+ + + 
+ -
Fraction 
' ion 'η ' γ 
- + -
+ + 
+ 
+ 
*
Q
 + increase 
decrease 
none no dependence within certain limits 
*
b
 product of quenching parameter (k) and the density of ionized track parameter (B) 
# c
 t,„ t P g r a t,on = 1 0μ$ 100% neutron capture [124] 
t,„teBrat.on typical = 0 1 μ* 25 % neutron capture [114] 
Table 4.2 Parameters important for the e/h signal ratio 
To achieve compensation, both tools available can be exploited the non-electromagnetic 
response can be selectively boosted and the electromagnetic response can be suppressed The 
major handles which can be used to adjust the value of the terms in relation (4 18) are (see also 
table 4 2) 
• An increment of the non-electromagnetic response 
о Via f
n
 and τ
Ύ
 by using a fissile medium as an absorber (eg depleted uranium) 
Compensating is achieved by detection in the active layers of the extra energy created 
in the nuclear fission reactions in the absorber 
о Through s„ , by using a hydrogenous material as an active component Plastic scintil­
lators are favourable materials to achieve this 
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• A decrement of the electromagnetic response (see also section 4.3.4): 
о Via s
e
, by making use of the combination of a low-Z active medium with a high-Z 
passive absorber, in order to suppress the response from the photoelectric effect in 
the active layers. Since the cross section of this effect is proportional to Z 5, soft 
photons will interact almost exclusively in the absorber material. To avoid leakage of 
photoelectrons created close to the boundary into the active medium of the sampling 
detector, and thus producing a measurable signal, a thin layer of low-Z material can be 
used as an extra shield between the active and the passive layers. 
Tuning the e/h ratio will only be possible in sampling calorimeters, because of the dependence 
on a certain combination of materials in a certain volume ratio. Once these materials are fixed, the 
e/h value can be changed by varying the relative amounts of these materials, i.e. the thickness 
of the layers in the sampling calorimeter. However, it should be mentioned that non-hydrogenous 
calorimeters cannot be made compensating just by adjusting the sampling fraction. 
4.4.4 Energy Resolution 
To try to understand the energy resolution of a hadron calorimeter, and the factors that limit its 
performance in this respect, the e/h signal ratio has been discussed elaborately. The energy 
resolution of a sampling calorimeter is determined by the following items, of which the last two 
are dominant. 
• Non-compensating calorimeter 
The resolution is influenced by fluctuations in the number of π° particles when e/h deviates 
from unity. The total hadronic energy resolution will worsen; the contribution will add a 
constant term to the resolution. Moreover, the signal response will have a non-linear energy 
dependence (see summary of some effects of a non-compensating calorimeter). 
• Detector imperfections 
The detector imperfections are a variety of instrumental effects that influence the energy 
resolution. The main sources for imperfections are: 
о instability of the readout components, 
о non-uniform signal readout of the active medium, 
о thickness fluctuations of the active and passive layers, 
о (chemical) composition fluctuations of the active and passive layers, 
о incomplete longitudinal and lateral shower containment, including front side leakage 
due to back scattered secondaries. 
• Sampling fluctuations 
Only a small fraction of the hadron energy (ΔΕ in MeV) is deposited in the active medium. 
This sampling term of the energy resolution follows the empirical relation [126]: 
(4.19) 
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• Intrinsic hadron energy resolution 
A considerable fraction of the non-electromagnetic energy in a hadron shower is spent on 
nuclear binding energy, on average up to ~ 40% with large fluctuations in high-Z materials. 
Furthermore, the total energy carried by neutrons and nuclear photons, evidently correlated 
to the nuclear binding energy loss [114,124], cannot be neglected. 
Efficient neutron detection will improve the energy resolution, provided that the energy loss 
through recoil protons dominates, because of the correlation above mentioned. The results 
of simulation techniques [114] showed that energy loss through recoil protons dominates 
the intrinsic hadron energy resolution of detectors with hydrogenous active layers. It is of 
the order of 20 %/\/E for compensating calorimeters. 
Total hadronic energy resolution 
The prediction of the energy resolution for different types of sampling calorimeters is an important 
issue. Several calculations have been performed [IH] to predict this resolution by selecting 
different materials for both active and passive layers and by varying the t p a s / t a c t ratio. The total 
hadronic energy resolution was parameterized as: 
f = ^ + b . (4.20) 
The intrinsic resolution (cio) and the sampling fluctuations (QI, proportional to the square root of 
the absorber layer thickness t„
as
), are added in quadrature. The constant term (b) is not present 
for e/h. = 1, and causes σ/νΕ to be energy-dependent in other cases. 
Figure 4.6 shows σ/\/Ε (and its various contributions) as a function of the absorber layer 
thickness at selected values of the hadron momentum for an iron /plastic scintillator sampling 
calorimeter configuration. The abcissa is plotted linear in ,/tpQS, which yields a straight line for 
the contribution of the sampling fluctuations. It can be noted from this figure that there appears to 
be a clustering of the experimental results at ~ 1.2/νΊι (i.e. for all energies) for ~ 100 mm iron 
plates (e/h= 1 !). Furthermore, the fluctuations in binding energy loss and sampling fluctuations 
contribute roughly the same at the minimum of the curves. 
The energy resolution achievable for gaseous sensitive layers is somewhat worse than for 
other techniques, because specific effects as Landau and path length fluctuations and the escape 
of recoil protons will contribute considerably. On the other hand, because of the virtual absence 
of recombination effects, e/h values can be tuned over an extended range without completely 
changing the hardware configuration of the calorimeter. The gas mixture and/or its pressure can 
be used as the tuning variables. 
4.5 Tracking Calorimeter 
4.5.1 Goals of the Tracking Calorimeter 
As was mentioned in chapter 2, the muon detection system is important for LHC experiments. 
Besides the required momentum resolution, its design has to take into account, the following 
physical processes: 
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Figure 4.6: The total hadronic energy resolution and the various contributing terms 
for detection of 15, 50, 100, 140 GeV hadrons in an iron I plastic scintillator sampling 
calorimeter configuration, as a function of the iron plate thickness. Experimental results 
for pions at the four different energies are included [114]. 
• leakage of charged particles out of the hadron calorimeter, 
• generation of muons originating from hadron decays in the calorimeter, 
• generation of electromagnetic secondaries, 
• muon scattering. 
In order to investigate the above mentioned processes, the RD5 collaboration designed and con­
structed [127] a so-called Tracking Calorimeter (TRACAL). 
A perspective view of the TRACAL detector is shown in figure 4.7. The TRACAL detector 
is a sampling calorimeter consisting of 25 sensitive single-layer Honeycomb Strip Chambers 
interleaved with stainless steel absorber plates. Each HSC layer has an active area of 0.6χ 1.0 m2, 
and is placed in 21 mm gaps between the absorbers. Between the first 13 sensitive layers, the 
absorber plates were 40mm thick, thus totalling 12x0.23 Aint, where A int equals the nuclear 
interaction length. In the rear section of TRACAL two such absorbers were situated in the 
gaps between the HSC layers, totalling another 12 times 0.46 Ai
nt. The total absorption power of 
TRACAL is thus 8.4 A int. Furthermore, a lead brick wall (28.5 X0 « 0.9 Aint) was positioned in 
front of TRACAL to represent the absorption power of an electromagnetic calorimeter. 
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Figure 4.7: Perspective view of the Tracking Calorimeter (TRACAL). Honeycomb Strip 
Chambers act as active detector layers and are interleaved with passive stainless steel 
absorbers. The wires of the HSCs run vertically and the strips horizontally. 
4.5.2 Mechanical Construction of the HSC layers 
The basic constituents of an HSC have been described in section 3.5. Specific information 
concerning the single-layer HSC characteristics is listed in table 4.3. The items in this table will 
be discussed throughout this section. 
For the single-layer HSCs used in the TRACAL detector the two folded foils were combined 
by means of double-sided adhesive tape. The conducting cathode strips were made of copper with 
a thickness of 0.3 μηι and a width of 4.0 mm. The production process (e.g. copper sputtering. 
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Characteristics 
Number of single-layers 
thickness folded insulating foil 
thickness flat insulating foil 
Wires 
diameter 
length 
pitch 
outer cell radius 
Strips (etched metal conductor) 
thickness 
length 
width 
pitch 
Material 
melinex 
mylar 
W/Au 
Cu 
Value 
25 
75 
75 
48 
30 
1.0 
12.7 
5.773 
192 
0.3 
0.6 
4.0 
5.08 
Unit 
μπι 
μπι 
μπι 
m 
mm 
mm 
μιτι 
m 
mm 
mm 
Table 4.3: Characteristics of the single-layer HSCs used for TRACAL. 
drying, laser-cutting, etching) of the polyester films and its mechanical properties (e.g. stress, 
creep, influences of temperature and humidity) have been described in detail [112]. 
4.5.2.1 Folding and Assembly of the Foil 
The folding machine, which has been designed and constructed at NIKHEF, is schematically shown 
in figure 4.8. The two folding knives are closed, by the compressing force of electromagnets, prior 
to the moment the plastic cylinder starts rolling along these knives to make a fold. To fold the foil 
in an upward direction a second cylinder (not shown) with mirror orientation is used. The folding 
knives are opened after a fold is finished. Subsequently, the transport mechanism, mounted at 
both sides of the folding machine, is closed. It will transport the foil until it reaches the left-most 
block. The folding knives are closed again, allowing the transport mechanism to be opened. The 
transport mechanism returns to its initial position (the block on the right-hand side serves as the 
second boundary). The folding machine has returned to its original state and another fold can be 
made. The transport step, i.e. the distance between the blocks minus the width of the transport 
mechanism, is adjustable to 1 μπι precision. Two adjacent folds were parallel within 10 μ ^ , 
whereas the straightness of a single fold was better than 20 μπι. The widths of the hexagonal cell 
sides remained constant to within 10 μπι. 
The ribbon melinex foil (75 μιη thick) was placed in a template and held in its position by 
applying a vacuum between the foil and the template. Plastic plugs were glued at the ends of the 
future honeycomb cells. The connection between the foil and the chamber frame consisted of these 
plugs, which were round at one side and hexagonal at the other side (the outer and the inner side 
of the future HSC cell, respectively). A second template, holding the other foil, was turned upside 
down to join the two foils (see figure 4.9a). Before the top template was lowered on the bottom 
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Figure 4.8 A schematic view of the NIKHEF folding machine For operational details 
one ¡s referred to the text. 
one, double-sided adhesive tape was applied to the surface where the two foils would touch After 
the vacuum was lifted the top template was removed (figure 4 9b) and a flat mylar film of 75 μιτι 
thickness was attached to the top nbbon foil by using the same adhesive tape Another mylar film 
was attached to the opposite side of the construction after it was lifted from the bottom template 
Top template 
Folded melinex foil 
Precision pin 
Precision hole 
Bottom template 
Vacuum 
Double-sided 
adhesive tape 
Flat mylar film 
Vacuum 
Figure 4.9 A schematic view or the templates used for the assembly of an HSC layer 
4.5.2.2 Assembly and Wiring of a Single-Layer HSC 
The plastic plugs at the cell ends were glued in the holes of two square, brass tubes These tubes 
are a part of the brass frame shown in figure 4 10 and act as a gas manifold The joint between 
the foil of the layer and the brass frame was sealed with silicon rubber The preamplifier cards, as 
well as the electronic signal cables and the gas tubes were supported by the brass frame 
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To create a rigid single-layer HSC the chamber was sandwiched between two foam * 2 planes. 
Its final stiffness was provided by covering the foam layers with an additional shield. Brass sheets 
were foreseen to be used in the production of the chambers but it was found that these were not 
flat enough. Instead, aluminized mylar foil was used, but later it was found that also this solution 
had some problems (see section 5.3.4). 
Figure 4.10: Front view of a single-layer HSC for TRACAL. 
The anode wires (30 μτη W/Au) were strung using a thin, long needle which was threaded 
through the cells. The wires were fixed in the plastic plugs by means of crimp pins. A female 
connector was plugged on this crimp pin in order to make the connection between the anode wire 
and the readout electronics. A connection pin was soldered (low temperature) at the strip ends to 
establish the electronic connection. 
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4.5.3 Assembly of the Calorimeter 
Two interconnected aluminium bars provided the support for the stainless steel absorbers and the 
HSC layers (see figures 4.7 and 4.11). 
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Figure 4.11: A cross section of two single-layer HSCs in their staggered TRACAL 
setup. See text and table 4.3 for characteristics for these chambers. 
A vertical aluminium plate was used to fix the absorbers. The single-layer HSCs could be 
inserted between the absorber plates and were removable. Their position was fixed through a 
flexible foot on one side and a pin hole on the other side. The precision of the chamber position in 
the beam direction was 0.3 mm. In order to lose the dead zone of a single-layer HSC, i.e. to obtain 
a full coverage, the chambers were staggered by half a cell pitch. This staggering also helps to 
solve the left-right ambiguity, which is inherent to drift chambers. 
4.5.4 TRACAL Readout Electronics 
4.5.4.1 Wire Signals 
A current preamplifier was connected to each of the anode wires. Some specifications of these 
amplifiers are (measured values with source capacitance included): a rise time of 21 ns, a gain 
of 2 х 2 3 т /цА (or 2x0.66V/pC) and a power dissipation of 18mW. Twisted pair cables were 
used to feed the differential outputs of the preamplifiers into (48 channel) threshold discriminator 
modules designed around the LeCroy MVL407 quad ultrafast voltage comparator [128,129]. 
These discriminator modules were originally designed for the L3 experiment [130] at the LEP 
accelerator. The differential outputs of a (time-over-threshold) discriminator were fed into a 
(leading-edge) Multiple-Time-Digitizer (MTD type 290) again by twisted pair cables. 
The MTDs were developed at CERN for the UA1 experiment [131]. At the RD5 experiment the 
wires of the TRACAL detector and of the muon chambers were read out with MTDs. A modified 
CAMAC crate (with special power supplies and ECL signals on the dataway) can house upto 
16 MTDs (32 channels each) together with a clock fanout, a crate controller (RMTDC type 293) 
and two M68000 microprocessors. 
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Figure 4.12 The TRACAL wires equipped with preamplifiers (indicated in bold) m 
each of the 25 single-layer HSCs during the RD5 runs of 1991 through 1993 Moreover, 
the doubling of the absorber thickness is indicated 
The configuration of the wires which were actually read out is shown schematically in fig­
ure 4 12 In the first five HSC layers of TRACAL, only the middle 16 wires were equipped with 
preamplifiers, in the next five layers the central 32 wires, and in the last 15 layers 48 channels 
(entire single-layer) Hence, 960 of the 1200 TRACAL wires were instrumented Therefore, 
two crates were necessary to hold the 30 MTDs required For both these MTD crates the clock 
oscillator, the clock controller and the stop interpolator (LSB = 1 ns) were in common 
The total time range of the MTDs was adjustable to a maximum of approximately 2 με 
The time bin width of 8 ns of the MTD input channels did not significantly spoil the spatial 
resolution, especially because the common time reference was accurate to 1 ns Hence, the total 
time resolution was 2 3 ns Multiple hits in the same MTD input channel could be digitized 
provided that the time between the trailing edge and the leading edge of the two successive signals 
was at least 15 ns Multiple hits in different MTD input channels were allowed simultaneously 
The data was processed by the two microprocessors per crate The data of one crate was transferred 
in two blocks, containing the data of two groups of 256 wires The crate controller generated a 
marker word at the end of a block The data words were ordered according to the wire number 
and their corresponding times 
4.5.4.2 Strip Signals 
A charge sensitive, low-noise preamplifier with a high input capacitance was connected to each 
strip being read out To investigate the shower development of an incident hadron in a better way 
than in 1991, the number of strips equipped with preamplifiers was increased in 1992 The first 
HSC layer had 96 channels connected to the DAS, then 12 layers followed with 144 strips and in 
the last 12 layers all 192 strips were read out, as can be seen in figure 4 13 The differential output 
signals were input to an Analog-to-Digital-Converter (ADC) 
These ADCs were originally designed for a calorimeter upgrade [132] of the UA1 experiment 
The actual resolution was 8 bits, while the dynamic range of the self-scaling ADC system was 
equivalent to 15 bits 
NADC = (Tn-No) 2T. (4 21) 
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Figure 4.13: The TRACAL strips equipped with preamplifiers (indicated m bold) in 
each of the 25 single-layer HSCs during the RD5 runs of 1992 and 1993. Only the 
central 48 strips were read out in 1991. Moreover, the doubling of the absorber thickness 
is indicated. 
where N A D C IS the number of measured ADC counts, m the 8 bit mantissa, N 0 the common 
pedestal for all 96 inputs of an ADC module (10 to 20 ADC counts), and τ represents the 3 bit 
range Optical fibres transported the ADC data to the data acquisition system. 
The necessary timing and calibration signals for all ADC crates were broadcast by a modular 
unit, a so-called Timing and Test Box (1 IB) The basic tasks of this unit, which was controlled 
by a Macintosh station, were to distribute the ADC conversion signals upon reception of the RD5 
trigger and to control the charge injection system during calibration runs. 
4.5.4.3 Calibration 
Wire calibration 
A timing calibration system was available to apply pulses to the wire preamplifiers on a single-
layer HSC In practice, this system was merely used to monitor the proper functionality of the wire 
channels. The actual timing calibration could more practically be realized by analysis of the drift 
time spectra. 
Strip calibration 
A calibration method for a charge sensitive preamplifier is to record its response to a precisely 
known charge injected at the input. The TTB could generate a senes of test pulses with pro­
grammable pulse heights. The calibration constants (gain figures) and noise figures were stored 
into the Macintosh and later transferred to the offline RD5 database. 
A cell at the far-end side of a single-layer HSC in the TRACAL detector was used for the 
calibration of the stnp-preamplifier-ADC system. The cell was equipped with a rigid 50 Ω coax 
cable as shown m figure 4 14 instead of an anode wire. The coax cable was installed in the centre 
of the cell and held in its position by two half hexagonal bars with an insert. The charge sensitive 
preamplifiers were calibrated through the charges obtained from the rise of test pulses which were 
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Figure 4.14 The method used for the calibration of the TRACAL stnp preamplifier/ADC 
channels The response of the electronic circuit could be calibrated by injecting precisely 
known charge pulses onto the shield of the coax cable 
fed into the preamplifier via the cable-foam-strip system acting as a capacitor The calibration 
pulses were applied to the shield of the coax cable, whereas the core was connected to ground The 
impedance between the shield of the coax cable and the strips was complex since the strips were 
only virtually grounded The calibration pulses kept their size and shape while propagating along 
this shield since the shield's total impedance was dominated by the presence of the (grounded) 
core The total impedance was measured to be 39 Ω and the coax cable was terminated with a 
corresponding resistor 
The capacitive coupling between the coax cable and the hexagonal rings was used to induce test 
pulses on the strips The capacitance of this system was only slightly influenced by geometrical 
imperfections Moreover, since only the relative calibration of three adjacent strip preamplifiers 
was important for the spatial resolution, a smooth change in the capacitance along the coax cable 
would only have minor effects on the strip-to-strip calibration Several items determined the 
capacitance between the pulse generator and each preamplifier 
• The stnp width and its precision Fluctuations in the strip width might have contributed 4 %<, 
to the calibration error, ι e under the assumption that the capacitance was proportional to 
the strip width [127] 
• The accuracy of the geometry of the hexagonal rings Deviations from a perfect cell were 
estimated to cause calibration errors smaller than 2%., 
• The geometrical accuracy of the rigid coax cable The specifications of the coax precision 
cable require that its diameter fluctuates by less than 1 %» 
The variation of the calibration capacitances was later established by scanning the charge pulse 
on different strips while using the same preamplifier The results of this measurement confirmed 
that the accuracy of the calibration method was better than 5 %» 

5 
Experimental Setup of RD5 
"Who ordered that?' 
- Isidor Rabi, after the discovery of the muon (1936). 
5.1 Introduction 
The mass range for the discovery of the Higgs boson, additional W and Ζ bosons and other new 
heavy, exotic particles will extend considerably beyond that of present-day's accelerators once the 
Large Hadron Collider (LHC) will be operational. Its design luminosity ( £ > 1034cm~2s~λ) and 
centre of mass energy (
v
/
s = 14TeV) will open a new energy range, which allows the study of 
many interesting processes. 
To study these phenomena it will be important to identify the decay of the heavy particles. 
Single-lepton and dilepton triggers are expected to play a crucial role in this. In the extremely 
high rate LHC environment, muon detection offers an advantage over the detection of electrons. 
Muon detectors are situated behind thick absorbers (e.g. calorimeters), which reduce the particle 
flux and thus make muons attractive for event selection and trigger purposes. 
The muons in the final states of decaying heavy particles are expected to have high transverse 
momentum which makes them distinguishable from background. The dominant background 
source consists of prompt muons from heavy quark decays [133]. Other background sources in 
the LHC detectors will involve: (»') π and К decays in a (central) tracking volume in front of a 
calorimeter, (ii) hadronic punchthrough, (Hi) uncorrected hits from neutrons and neutron-induced 
photons. A sizeable flux of thermal neutrons is expected as a result of hadronic interactions 
between the accelerated protons and materials in the forward region. 
Hadronic punchthrough is composed of two constituents: (i) penetrating muons from π and 
К decays in the hadronic shower cascade and (ii) other charged particles (principally soft hadrons 
and electrons) which are the unabsorbed remnant of a hadronic shower (as discussed in chapter 4). 
For a consistent terminology, the punchthrough muons and all other charged particles exiting the 
calorimeter are referred to as punchthrough particles. When mentioning punchthrough muons, 
this refers only to the muon component. 
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Especially in the design phase of LHC detectors it is important to investigate the punchthrough 
contribution to the trigger rates Furthermore, the efficiency of track finding and reconstruction in 
the muon detectors will be affected by the high background rates, which are partly due to hadronic 
punchthrough The identification of track segments by pattern recognition algorithms is likely to 
fail if there are too many accompanying tracks 
The RD5 collaboration at CERN [134] was formed to study several aspects of muon detection 
at future hddron colliders These aspects included 
• The investigation of the behaviour of muons from hadronic punchthrough and decays and 
that of prompt muons in an absorber The topics of special interest were 
о the total punchthrough probability measurements of hadronic showers, 
о the measurement of the angular and momentum distributions of punchthrough muons, 
о the possibility of reducing the effect of punchthrough particles by a strong magnetic 
field 
• The study of several muon trigger systems, in order to allow a fast and efficient cut on the 
transverse momentum of the muons produced at the LHC 
• The investigation of the reconstruction and momentum measurement of high energy muons, 
taking into account catastrophic energy losses and possible confusion arising from additional 
hits from hadronic debris (e g electromagnetic secondaries) 
• The testing of various types of large area muon detectors, some foreseen as a trigger device 
and others foreseen as a tracking detector 
A ful 1 overview of the RD5 experimental program can be found in [ 135,136] The RD5 experiment 
started in 1991 and recorded, during three years of operation, 107 muon and hadron events 
5.2 Beam Line for RD5 
The RD5 experiment is located in the H2 beam (North Area) of the CERN Super Proton 
Synchrotron (SPS) A layout of the CERN beam lines has been presented in figure 2 1 
The SPS cycle (14 4 s) starts when the proton bunches are injected from the PS accelerator 
at 28GeV/c and continues with the acceleration of the protons to 450GeV/c During the 2 58 s 
period, referred to as spill, that follows the acceleration phase, the protons are extracted and sent 
to the various production targets and experiments, amongst which RD5 
For the H2 beam the primary protons are guided onto a beryllium target, the so-called T2 pri­
mary target, approximately 600 m upstream of the RD5 experiment Many different types of 
secondary particles are being produced by the nuclear interactions For instance, charged pions 
can be produced through the reactions p+p —> ρ+η+π+ and p+n —> ρ+ρ+π- The absolute produc­
tion rates for the more relevant secondary hadrons are shown in figure 5 1 for both positive and 
negative particles Each produced particle type has its own characteristic angular distribution and 
momentum spectrum 
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Figure 5.1 Absolute production rates ofhadrons per interacting proton m a 300 mm thick 
Be target [137] The typical incident beam intensity was 1013 protons per spill Both 
positive (¡eft) and negative (nght) secondary particles are shown (measured at different 
scans) For K~ a distinction has been made between the acceptance for this panicle 
produced with (solid) and without (dashed) a transverse momentum of 0 5 GeV/c 
The beam line optics can be tuned to produce a secondary beam by selecting particles of a 
given charge which are produced within a certain solid angle and momentum interval The meson 
beams will be contaminated because muons are being produced as the pions or kaons decay along 
the line This effect can be exploited to produce a (tertiary) muon beam by allowing secondary 
pions to decay (eg π~ —» I" + -vi where l i s a muon or an electron) until a significant fraction of 
the initial pion beam has decayed into muons 
Charged particles of momentum in the range of 10 to 300GeV/c ( ^ < 1 %) can be selected 
by the H2 beam optics [137] The layout of the beam optics from the T2 beryllium target to the 
RD5 experiment is shown in figure 5 2 The maximum particle rate at the position of the experiment 
depends on the type of the secondary particle and of its momentum The maximum rate for pions 
and kaons is reached in the range 100 — 200 GeV/c, whereas for protons this maximum is reached 
at a higher momentum 
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Figure 5.2: The beam optics of the H2 hadron beam (incident from the left) towards the 
RD5 detector. It should be noted that the scale along and the two directions perpendicular 
to the beam line differ by three orders of magnitude. See text for further details. 
Several beam-optical elements can be distinguished, e.g. bending magnets, quadrupede magnets 
and collimators. Since a focusing quadrupole in the horizontal plane (top) will defocus the beam 
in the vertical direction (bottom) and vice versa, these quadrupoles come in pairs as can be noticed 
in figure 5.2. The solid line represents a trajectory of a particle produced, at nominal energy, in 
the centre of T2 with a horizontal 0.7 mrad and a vertical 0.5 mrad divergence at its production 
point. The dashed line indicates a path of a particle with nominal energy, perfectly parallel to the 
beam axis but 2.0 mm off-centre in the horizontal plane and 3.0 mm in the vertical one. A particle 
produced in the centre of the target and leaving it on the beam axis, but with a deviation of 1.5 % 
from the nominal energy follows the dotted line. 
A possible device for particle identification is a Cerenkov counter. If charged particles travel 
through a dielectric medium with their velocity greater than the speed of light in that specific 
medium they radiate so-called Cerenkov light. Besides the refraction index η of the transparent 
medium, the relativistic velocity β of the particle determines the (fixed) emission angle of the 
Cerenkov photons: 
cos9 = (riß) (5.1) 
where θ is the semi-aperture of the Cerenkov light cone. 
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For relativiste particles with momentum ρ and different masses mi < m.2, the velocity 
difference can be calculated 
τη? — m í 
v 1 - v 2 = A ß c = І ' , (5 2) Zpc2 
and, therefore, the resulting difference in opening angle is 
ΔΘ = —?- « - f (5 3) 
tan θ θ 
Depending on the velocity of the particles to be distinguished, the radiator medium in a 
Cerenkov counter can be solid, liquid or gaseous A gaseous medium provides an easy way to 
change the refractive index η by changing the pressure inside the counter vessel 
A Cerenkov detector can act as a threshold counter or as a differential counter The threshold 
Cerenkov counter detects the presence of a particle with a velocity exceeding a certain minimum 
This velocity threshold allows a distinction of particles with the same momentum but different 
mass To determine whether the velocity of a particle lies in a specific range, a differential Cerenkov 
counter might be used These counters focus the Cerenkov light with an optical system to give a 
ring image The diameter of such a light ring can be used to distinguish particles with different 
mass In analogy to the light in scintillation counters, this light can be collected, converted into 
an electrical signal and amplified by e g photomultiplier tubes At low momenta other techniques 
for particle separation are possible, such as (i) an electrostatic separator, essentially consisting of 
a pair of parallel plane electrodes, or («) a Radio-Frequency separator, in which the particles are 
subjected to a transverse force modulated by a high frequency electromagnetic field 
The Cerenkov counter CEDAR, a standard H2 beam line component, was used to distinguish 
various kinds of positive particles, e g pions, kaons and protons [138] The Cerenkov counter can 
tag individual particles with a high momentum (and a mass much larger than the electron mass) 
rather than physically separating them The CEDAR information was incorporated in the RD5 
trigger definition 
5.3 Description of the RD5 Detector 
A schematic view of the experimental setup is shown in figure 5 3 The coordinate system used in 
the RD5 detector has the x-direction along the beam, y vertically upwards and ζ horizontally in a 
right-handed system with the origin at the centre of the first of the two magnets 
The two magnets which were part of the experimental setup are a superconducting solenoid 
with a maximum field of 3T (referred to as Ml, originally the magnet of the European Hybrid 
Spectrometer (EHS) [139,140]) and an absorber magnet (M2) [141] which had a 1 5 Τ field 
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Figure 5.3 A schematic (top) view of the experimental setup of the RD5 detector m 
ifs 1993 configuration 
5.3. Description of the RD5 Detector 79 
This setup resembles a segment of a solenoidal detector for LHC with its return yoke as 
shown in figure 5.4. Hence, it is possible to study punchthrough phenomena in an experimental 
environment similar to that to be encountered when the LHC is operational, including the presence 
of a strong magnet field. By switching off the first magnet, a toroidal spectrometer for possible 
experiments at the LHC can be simulated. 
CMS sector ώ ,·,) 
Inner Tracker 
Calorimeter in B«4T 
Muon Stations in В ss 1.5T 
Figure 5.4: A schematic (top) view of the experimental setup of the RD5 detector 
compared with a section (Zn/M) of the CMS detector. 
Of main interest for the punchthrough study were, besides the trigger .scintillators and some 
beam defining detectors, the calorimeter, situated in the Ml magnet and the muon spectrometer 
downstream of it. The calorimeter used was the Tracking Calorimeter (TRACAL). The muon 
spectrometer consisted of the M2 magnet and two types of chambers: muon chambers and RPCs. 
5.3.1 Magnets 
The M1 magnet [140] consisted of two parallel superconducting coils without a return yoke. At 
the centre a maximum magnetic field of 3T could be generated (at a current of 4000 A). The 
magnetic field was oriented predominately in the z-direction, especially in the region between the 
two coils. If operated at the maximum field, the radial component would be less than 0.67 % in 
the region near the beam line. The magnitude IBZI of the magnetic field is plotted as a function of 
χ and zin figure 5.5. 
The origin of the coordinate system in the figure coincides with the centre of the TRACAL 
detector, which was installed in the Ml magnet. The TRACAL detector extended to ±1,0 m in 
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Figure 5.5: The magnetic field strength of Ml, as function of the χ and ζ coordinate. 
the x-direction and ±0.3 m in the z-direction. It can be noted that the variation in field strength 
in the beam direction over the calorimeter's length is significant. At ±1.0m, the field strength 
falls to about 50% of its maximum value. The bending power of a magnet can be expressed as 
ƒ Β χ dl. For the Ml magnet, evaluated over the length of TRACAL and along the beam axis 
(—1.0m < χ < +1.0m, у = 0, ζ = 0) the bending power equals 5.2Tm. The Ml magnet can 
be seen as the solenoidal field of the CMS detector. In the barrel region of this detector, where a 
uniform 4 Τ magnetic field is foreseen, the bending power will be approximately 12Tm. 
The toroidal magnet M2 simulated the CMS return yoke and was used as a muon spectrometer. 
This absorber magnet was constructed as a closed magnetic circuit, with a thickness of 1.8 to 2.0 m 
and built from 200 mm thick steel plates. The magnetic field orientation in the first part of M2 was 
reverse to the field orientation in Ml, whereas these orientations were parallel in the second half 
of M2. For both the Ml and M2 magnets the magnetic field components in the x- and y-directions 
were below 1 % in the region of the particle beam. 
5.3.2 Trigger 
The RD5 trigger system essentially consisted of a set of scintillator counters as shown in figure 5.3, 
where also their sensitive surfaces are indicated. A coincidence of SI and S5 defined an event as 
an incident particle entering the RD5 detector. At high particle rates the scintillator S4 was added 
to the coincidence for beam size determination. The system of detectors S2 and S3 were used to 
provide a veto system against beam halo particles. 
For the punchthrough measurements two trigger modes were used: a minimum bias 
trigger (MB) and a trigger at ten interaction lengths (10 λ). The minimum bias trigger was 
defined by a coincidence of the scintillators SI and S5 in anti-coincidence with the veto system, 
thus flagging a single particle entering the detector. The additional requirement of at least one hit in 
the resistive plate chambers (section 5.3.5) at an absorber depth of 10 λ formed the "10 λ trigger". 
The full trigger scheme is shown in figure 5.6. Random triggers could be generated, both inside 
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Figure 5.6: The RD5 trigger scheme. 
and outside the SPS spill, to test the system and to measure pedestals and background. Further 
details of the RD5 trigger system can be found in a dedicated technical note [142]. 
5.3.3 Beam Definition 
The definition of the beam of incident particles was provided by two Multi-Wire Proportional 
Chambers (MWPCs), referred to as U1 and U3, and a silicon beam telescope (SiBT). 
The sensitive area of U1 and U3 [139] was 0.26 χ 0.36 m2. The 20 ц т sense wires were 
placed 2 mm apart in each of the five coordinate planes in both detectors. Each of the wire planes 
had its own orientation with respect to the horizontal ( +30°, +30°, 90°, -30°, -30°). The ±30° 
layers were staggered two by two. The cathode planes were made of 100 μνη wires, 1 mm spacing 
and alternated with the sense wire planes in 8 mm gaps. The detectors Ul and U3 were positioned 
at —17.5 m and —1 m, respectively, in the RD5 coordinate system and rotated by an angle of 90° 
with respect to each other. 
Some problems with the MWPCs occured in the first two years of operation. The situation 
improved in 1993 when U3 was replaced and the troublemakers such as instability, mainly due to 
gas leakage, and poor efficiency were overcome. 
The SiBT, which allowed a more precise measurement of the incident beam, consisted of 
eight single-sided silicon strip detectors. For details concerning the design and construction of the 
SiBT and its spatial resolution one is referred to [143,144]. 
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5.3.4 Tracking Calorimeter 
The layout and the construction of the TRACAL detector have been discussed in chapter 4, whereas 
the sensitive layers (gaseous Honeycomb Strip Chambers) of this sampling calorimeter have been 
described in chapter 3. The TRACAL detector consisted of two separate units in order to facilitate 
its installation inside the Ml magnet. One of the main assignments of this calorimeter was to 
identify muon contamination in the hadron beam. 
The central 48 strips of each of the single-layer HSCs were equipped with readout electronics in 
the first year of operation (1991 ). Before the 1992 data-taking periods the number of strip channels 
to be read out was increased. The air cooling of the strip readout electronics was improved to 
avoid problems due to the extra heat dissipation. 
Several other items were improved between the 1991 and 1992 running periods. The flat 
twisted pair cables used for the wire readout were replaced by shielded twisted pair cables to 
reduce cross-talk. Furthermore, each single-layer HSC received its own individual gas input 
instead of having two single-layers connected parallel to a single gas line. Detection inefficiencies 
due to a bad gas mixture resulting from a bad gas flow were thus solved 
The low voltage for the power supply for the strip and wire preamplifiers was distributed via 
a patch panel. The high voltage system consisted of WENZEL NIM modules and current meters. 
The high voltage applied depended on the gas mixture A standard CERN gas mixing rack was 
used with a non-flammable Аг/СОг 70/30 % mixture for the punchthrough physics. Several other 
mixing ratios were applied to the single-layer HSCs during the dedicated chamber tests. In a later 
stage CF4 was added to the Ar/COz mixture as an extra component. 
The geometrical structure used for the HSCs in TRACAL (single-layer), was not sufficiently 
stiff and some layers were bent. This bending had the consequence that the anode wire was not 
positioned properly in the centre of the hexagonal tubes. Hence, high voltage breakdowns occured. 
To overcome the problem of these breakdowns, rigid aluminium plates with a thickness of 2 mm 
were mounted on several single-layer HSCs instead of the alumimzed mylar foils to straighten 
them. Finally, the two independent TRACAL units were tilted over an angle of 0.1 rad around an 
axis parallel to the strips. The rotation was meant to compensate for the Lorentz angle, an effect 
which occurs in the presence of a magnetic field (the superconducting magnet Ml was operational 
in the period 1992 through 1994) 
In the next two sections some results on the single-layers HSCs in TRACAL are presented. 
5.3.4.1 Drift Time Measurement in TRACAL 
As was discussed in section 3.4.3, the determination of the reconstructed track position is strongly 
related to the timing information of the anode signal. A dominant factor influencing the drift time 
of drifting electrons and ions is the gas used in the drift tube The drift time spectra for four 
different gas mixtures are shown m figure 5 7 as measured by a single-layer HSC irradiated with 
200 GeV/c muons. 
The drift time spectra in the figure (all spectra limited to 7500 entries) show that for all of 
the four gas mixtures presented, there is no magnetic field dependence This is merely explained 
by the fact that the drift paths are parallel to the magnetic field, rather than by the tilting of the 
TRACAL modules. 
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to+200 t0+400 
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Figure 5.7: The drift time spectrum in a single-layer HSC in TRACAL with Ml = 0 Τ 
(solid lines) and Ml = 3 Τ (dashed lines) for four different gas mixtures. The total 
number of entries in each of the shown spectra was limited to 7500 to compare the drift 
times with and without a magnetic field in a consistent way. Note the increase in drift 
time when the relative amount of quench gas such as CO2 or CF4 is increased. 
The increase of the drift times noticeable in figure 5.7 is due to the increase of the relative amount 
of quench gas (C02) in the Ar/C02 mixture. The Ar/C02 = 70/30 and Ar/C02/CF4 = 70/20/10 
mixtures show simular behaviour with respect to the drift time of electrons. 
Spatial Resolution 
A good spatial resolution requires knowledge of the relation between the drift time t (as measured 
in figure 5.7) and the drift distance т. This r(t) relation depends on: 
• the properties (mixture, pressure and temperature) of the gas used in the drift tubes, 
• the high voltage applied to the anode, 
• the local magnetic field, 
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• the cell geometry (e.g. r
m a x
, 0
w i r e), 
• and the angle of the incident particle (important in the situation of non-circular geometry, 
e.g. the hexagonal shape of the HSC). 
For the case of the single-layer HSCs in TRACAL the gas properties remained fairly constant 
in time (room temperature and pressure) except for the gas mixture. The high voltage applied 
was usually approximately 100 V below the efficiency plateau (see figure 6.2). Furthermore, the 
experimental setup of RD5 did not allow TRACAL to be rotated in the horizontal plane. Hence, 
all the incident particles passed perpendicular through the single-layer HSCs. 
These circumstances validate the fact that a single approximation was chosen for the r(t) rela­
tion. It was obtained by the normalization of the drift time spectrum (from t = 0 to t
m a x
) over the 
range of drift distances (from r = 0 to the outer cell radius r
m a x
) , assuming an uniform distribution 
of particles irradiating the drift tube. A more direct method to obtain the r(t) relation is to deduce 
it from straight track data of highly penetrating particles, especially muons, themselves. A report 
on this so-called auto-calibration procedure can be found in [56]. This method was, however, not 
applicable in the situation of the single-layer HSCs in TRACAL, since the muon tracks were not 
straight enough due to multiple scattering in the absorber material. 
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Figure 5.8: a) Spectrum of residuals of one particular single-layer HSC after fíttíng 
a straight line through the points measured with all 25 layers. The shift of the curve 
away from ζ = 0 can be explained due to the misalignment of the individual layers. 
b) The same residual spectrum as in a) but a correction for the alignment was applied. 
c) The spectrum of the residuals ofz\ — ¿(zi_i + z\+i) ("sandwich") for the same 
single-layer HSC ( I — 3) as shown as in b), i.e. including the alignment correction, 
corresponding spatial resolution is 72 urn 
Тле 
To determine the spatial resolution of the single-layer HSCs those layers with multiple wires 
recording a hit were omitted from the analysis. The track position of the passing muon was 
calculated from the measured drift time and the used r(t) relation. A straight line was then fitted 
through the measured track positions resulting in residual spectra for each HSC layer (of which 
one is shown in figure 5.8a). From these spectra the misalignment in the z-coordinate of individual 
layers could be deduced and corrections were applied (part b in the figure). 
5.3. Description of the RD5 Detector 85 
The multiple scattering of the penetrating muons in the absorber layers dominate the width 
of the residual distribution. Therefore, the spatial resolution of an individual HSC layer was 
obtained by calculating the residuals using only three consecutive layers. The lever arms of the 
scattered muon are now only 40 or 80 mm, depending on the absorber thickness, instead of the 
total length of the TRACAL detector (1440 mm). Figure 5.8c shows the so-called "sandwich" 
residual for a single-layer HSC. The width of the sandwich residual distribution shown corresponds 
to Jb/l times the spatial resolution of the layer under consideration. Typical values of about 
100 μιτι were obtained, some of which were found better than that, e.g. the spatial resolution 
obtained for the layer shown was 72 μπ\. 
5.3.4.2 Identification of Electromagnetic Secondaries 
As for the wire signal, properties of the HSC strip coordinate were studied by analyzing data 
obtained from muon tracks. The strip information is used to show a typical muon event in 
figure 5.9. 
300 GeV/c muon 
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Figure 5.9: A typical muon track through TRACAL. A side of a box is proportional to 
the collected charge by the indicated strip. 
As was shown in figure 3.7, a selection of strips carrying the largest charge, Q
m
, was made 
after calibration of the raw ADC data. The charges carried by both its neighbours were defined as 
Q
m
_i and Qm+i · A threshold was applied to the sum of the three signals. 
The observed distribution of the ratio Q
m
_i/Q
m
 versus Q
m
+i/Qm is plotted in figure 5.10b, in 
comparison to that of a multi-layer HSC in figure 5.10a. This distribution is expected to be lying 
within the range - which is obtained from simulation - indicated by the solid curves in figure 5.10b. 
The entries above the curve are indicative of a charge distribution wider than that expected for 
a single muon track. We attribute these entries to the superimposed charge distributions of a 
muon and one or more electrons created in the absorber by the primary muon. The scarcity of 
entries above the expected curve in the case of the multi-layer HSC, irradiated with pions and with 
identical cell geometry but without absorber material between the consecutive layers, supports this 
hypothesis. 
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The probability for measuring an incident muon accompanied with one or more electrons is in 
the order of 15% for 20 GeV/c incident muons and is increasing upto 25% for 300GeV/c muon 
momentum. These percentages are obtained from the number of entries above the expected range, 
normalized by the total number of entries in this Q
m
_|/Q
m
 versus Q
m + i /Q m plot [145]. 
a. Prototype 1 (multi-layer HSC) b. TRACAL (single-layer HSC) 
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Figure 5.10: The ratio Q
m
_i/Q
m
 plotted against Q
m + i/Q m for: a) a multi-layer HSC 
and b) a single-layer HSC in TRACAL. The entries above the expected range (solid 
lines) are clearly visible. 
Confusing multi-track measurements can be recognized and a cut can be performed to events 
with too broad charge distributions. Therefore, the strip information is a powerful tool for muon 
track reconstruction. The shown muon track in figure 5.9 reveals some typical measurements 
(layers 18 and 19) due to contamination of induced electromagnetic secondaries. The height of the 
charge signals is usually large for contaminated events, and the position of the centre of gravity of 
the charge distribution is clearly off the incident track. 
Spatial Resolution 
As was performed with the wire signals, the muon track position was deduced using the charge 
distribution over three adjacent strips rather than the drift time information. The strip closest to 
the muon track (again, one is referred to figure 3.7) carries Q
m
. 
The solid curve in figure 5.10a is a fit through the calculated (fat) points using the multi-particle 
method [112]. The y-coordinate (in the RD5 coordinate system) of the track is a function of the 
position of the points along the drawn fit. The angle a, shown in figure 5.10a, was used to give an 
approximation for this curve: 
a(y) = arctan ι _ С
т
- Л / (л _ Q™+' (5.4) 
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A two parameter function was then used to fit the relation between the y-coordinate and a: 
a arctan ex- \П (5.5) 
The fit resulted in the following values for a = 2.4065 and b = 2.0995. The centre of the charge 
distribution was calculated using (5.5). The centroid thus obtained is relative to the middle of the 
strip carrying the largest charge signal. 
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Figure 5.11: a) Spectrum of residuals of one particular single-layer HSC after fitting a 
straight line through the points measured with all 25 layers. The shift of the curve away 
from y = 0 can be explained due to the misalignment of the individual layers, b) The 
spectrum of the residuals ofyi = j íyi-i+yi+i) ("sandwich") for the same single-layer 
HSC (I = 3) as shown in a) including a correction applied to the alignment, c) The 
spectrum of the "sandwich" residuals of the HSC layer as shown as in b), i.e. including the 
alignment correction, with an extra restriction included: a veto on events contaminated 
by electromagnetic induced secondaries. The corresponding spatial resolution is 58 μιη. 
In analogy to the spatial resolution obtained for the wire signals (figure 5.8), a spatial resolution 
can be determined for the strip coordinate. Here, the muon track position was calculated from 
the charge signals of three adjacent strips as just explained. As was done for the wires, the layers 
recording multiple hits, i.e. more than one Q
m
 present, were omitted. Again, a straight line was 
then fitted through the measured track positions resulting in residual spectra for each HSC layer 
(of which one is shown in figure 5.1 la). From these spectra the misalignment in the y-coordinate 
of individual layers could be deduced and corrections were applied. 
As before, the multiple scattering dominates the width of the residual distribution. Part b of 
the figure shows the residuals using only three consecutive layers (lever arms only 40 or 80 mm 
instead of the total 1440 mm) from which the spatial resolution of the sandwiched individual 
HSC layer can be obtained. Finally, figure 5.1 lc shows the sandwich residual distribution for a 
single-layer HSC on which an extra restriction was layed upon: a veto on events contaminated by 
electromagnetic induced secondaries. 
As was mentioned above, the width of the sandwich residual distribution shown corresponds 
to Ji/1 times the spatial resolution of the layer under consideration. Typical values of around 
70 μιη were obtained and a best value of 58 μπι. 
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5.3.5 Resistive Plate Chambers 
A Resistive Plate Chamber (RPC) consists of two bakélite plates with a thickness of 2 mm. Its 
principle is shown in figure 5.12, whereas its construction details can be found in [146]. The 
sensitive gas volume is a 2 mm gap between the two plates. A coating of a graphite solution with a 
surface resistivity of ~ 100 kQ is put on the outer surface of the resistive plates. The high voltage 
power to produce the electric field is applied to the two graphite electrodes. 
Originally, sixteen layers of RPCs were installed in the RD5 detector in 1991. Each RPC 
layer measured 2x2 m2 and was equipped with 64 readout strips at a 31 mm pitch. The detector 
layers were coupled in pairs providing measurements in both the horizontal and vertical direction. 
The efficiency, averaged over the entire surface of the detectors, varied for the different chambers 
between 96 % and 99 %. Specific results concerning the degradation of the efficiency of both low 
and high resistivity RPCs with increasing particle flux can be found in [147]. The punchthrough 
measurements were not influenced by this drop in chamber efficiency at high particle rate, since, 
even at the highest intensities and at the highest momenta of the incident pions, the particle rate at 
the centre of the detectors was smaller than 10 Hz/cm2. 
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Figure 5.12: A cross section of a double-gup RPC. 
The RPC hodoscope was modified since the first RD5 data-taking period. The study of the 
probability of punchthrough of hadronic showers at various depths in the RD5 detector could 
be improved by adding an efficient veto against events produced by halo and off-time particles. 
Almost the entire effective surface of the muon drift chambers was covered by a veto wall, which 
was built with an array of RPCs and placed 1.2 m upstream of the magnet Ml. Together with the 
scintillators S2 and S3, the RPC veto wall formed the veto system for the RD5 trigger. It ensured 
that there were no other particles crossing the 4x4 m2 area of the RPC wall within ±2 μ5 of the 
triggering one. However, not all halo particles were rejected because the efficiency of the RPCs 
in the veto wall was only about 95 %. 
Furthermore, four new 2 χ 2 m2 layers of RPCs were added in the second and in the third muon 
measurement station to extend the measurement of punchthrough and to improve the fast tracking 
of muons at large depths. All new detector planes are double-gap RPCs, as shown in figure 5.12, 
with a better efficiency and a more precise timing than single-gap RPCs. Several results from 
specific chamber tests, such as (/) good time resolution (at high particle flux), (ίί) small sensitivity 
to low energy neutrons and photons, and (Hi) low noise rate, have been reported [136,148-150]. 
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5.3.6 Muon Drift Chambers 
Three muon measurement stations were positioned in front of, inside and behind the absorber 
magnet M2 (see figure 5 3) Precise measurement of particle trajectories in the RD5 spectrometer 
could be performed with the muon drift chambers [151,152], which previously were used in the 
UA1 experiment A muon module, covering an area of 3 2 χ 3 8 m2, consisted of two chambers, 
mounted 0 5m apart as a lever arm to provide a good determination of the muon direction 
Figure 5.13 A schematic view of a muon module 
Figure 5 13 shows a section of a muon module A drift cell was made of rectangular shaped 
aluminium tubes The two double layers were arranged orthogonally with respect to each other 
Within the double layer the drift cells were staggered The gas used in the muon chambers was 
а С2Н4/АГ 60/40% mixture The field shaping cathodes (—5kV and —7kV), combined with 
the particular shape of the tube around the anode (+3 kV) provided an almost linear space-time 
relation 
The spatial and angular errors of the track segments in each muon drift chamber was about 1 mm 
and 1 mrad, respectively, in both projections The intrinsic track resolution of a single chamber, 
excluding the alignment error, was about 250 μιη and was used for the track reconstruction at 
station level The momentum resolution of the muon spectrometer was 17% for muons with 
an incident momentum of 20 GeV/c, 22 % for 100 GeV/c muons and deteriorates to 33 % for 
300 GeV/c muons If only two of the three muon stations were used for the momentum fit the 
resulotion was found to be 19 %, 26 % and 54 %, respectively, for the momenta indicated [153] 
On either side of these drift chambers, RPCs equipped with read-out strips in both projections 
were installed The main purpose of the RPCs was to serve as a fast trigger Two 87 5 mm slits 
were provided in the upstream section of the absorber magnet M2 to insert additional RPCs The 
muon station situated just behind TRACAL (MSI ), was at a depth of 10 λ The muon stations 2 
and 3 were at a "depth" of 21 λ and 31 λ, respectively 
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5.3.7 Data Acquisition System 
The Data Acquisition System (DAS) for the RD5 experiment was derived from the UA1 data 
acquisition system. The DAS was built of modular blocks. Each of these blocks consisted of a 
VME crate containing at least one CPU. VSB links provided high speed crate interconnects. The 
signals originating from the different detector types in the RD5 setup were processed by electronic 
modules which used a variety of bus standards (e.g. CAMAC), all interfaced to VME. 
The signals from each detector were collected into a series of single data strings, i.e. events, 
every spill. An event builder program assembled all pieces of data which belonged to a single 
event. These blocks of data were then formatted in a ZEBRA structure [154] and finally written 
onto 200 Mb tape cartridges. A majority of the over 2000 cartridges written were used for the 
analysis of punchthrough muons presented in the next chapter. 
6 
Punchthrough Measurements 
ilf'-·- \Y¡ 
¿; 
Sherlock Holmes: "Given that Black moved last, what was its move, Watson? 
• · · and White's move before that?" [155] 
6.1 Introduction 
As discussed in section 5.1 the main goal of the RD5 experiment is to measure the total punch-
through probability of hadronic cascades, as well as the momentum and angular distributions of 
the punchthrough muons. The study was performed over a wide range of incident momentum 
for several species of hadrons and included a comparison between the data and predictions from 
existing simulation programs. 
6.2 Total Punchthrough Probability 
It is important, already in the design phase of the detectors forLHC, to understand the punchthrough 
contribution to the trigger rates. Moreover, high particle rates in the muon measurement stations, 
partly as a consequence of hadronic punchthrough, can influence the track segment reconstruction 
efficiency. Pattern recognition algorithms may fail to effectively identify track segments if there 
are too many nearby tracks. 
6.2.1 Punchthrough Data Sample 
During the 1991 RD5 run period, the total punchthrough probability of hadronic showers produced 
by negative pions (π - ) has been measured, as well as tracks from negative muons (μ - ) [ 156]. The 
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momentum of the incident particles was 30, 40, 50, 75, 100, 200 and 300GeV/c. The RD5 data 
sample was expanded in 1992 and 1993 by negative pions with even lower momentum (10 and 
20 GeV/c) and positive hadrons (π + , K+, p) and muons (μ+) The total punchthrough probability 
has been measured as a function of the depth in the TRACAL detector in a magnetic field of 
0,1.5 and 3 T. The momentum of the incident positive particles varied from 30 to 300 Ge V/c. The 
measurements of the muon tracks, at each momentum and magnetic field strength, were used for 
characterization of the muon contamination of the hadron beam (background subtraction) and for 
detector calibration and alignment Furthermore, the particle multiplicity and the lateral shower 
development at several absorber depths were determined [157]. 
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Table 6.1 · Event statistics with minimum bias (MB) and 10 λ trigger, used m the analysis 
to measure the total punchthrough. 
The n~ beam contained 2 to 10 % muon contamination, depending on the momentum of the 
incident particle The muon contamination stems from the in-flight decay of the incident particle 
upstream of the RD5 detector The H2 positive beams consisted of a mixture of different particles, 
which had to be selected by the CEDAR trigger. However, pions and muons could not be separated 
by the CEDAR detector and, therefore, the π + beam contained muon contamination similar to 
that of the π beam Also in the kaon beam a complete rejection of the muons was not possible 
with the Cerenkov counter Hence, the H2 proton beam was the only pure beam available to RD5 
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As a consequence of the relatively high muon contamination in the various hadron beams careful 
muon background subtraction procedures are required. 
The two trigger modes which were used during the punchthrough measurements were- a 
minimum bias trigger and a trigger at a depth of ten interaction lengths (section 5 3). With the 
10 λ trigger the measurement statistics was increased at absorber depths greater than ten interaction 
lengths. The number of 10 λ triggers occurring as a subset of the minimum bias triggers was 
counted and used for the correct trigger normalization of the data taken with the 10λ trigger 
After the proper normalization of the results obtained with the 10 λ trigger condition, the two 
sets of measurements (MB and 10 λ) were combined to a weighted average The event - defined 
in section 5 3 2 - statistics used in the determination of the total punchthrough probability are 
presented in table 6 1 for both the MB and 10 λ trigger conditions 
6.2.2 Determination of Punchthrough Probability 
The total punchthrough probability of hadronic showers at a given depth χ is defined as the ratio 
of the number of events with at least one hit m the detector at that depth χ over the total number 
of events. A distinction should be made between this definition and the integral punchthrough 
probability, which is defined as the number of hits measured in a detector divided by the total 
number of events. Hence, the integral punchthrough probability is equal to the total punchthrough 
probability times the average number of hits per event. 
To measure the total punchthrough probability, an algorithm was developed which determines 
the most probable punchthrough depth of each event and subtracts the muon background The 
algorithm accounts for the inefficiencies and the noise levels of the individual detector layers. 
Since the punchthrough probability can only be calculated for single particles entering the 
calorimeter, the algorithm excludes particles from the analysis which begin their shower develop­
ment before the calorimeter. The exclusion is performed with the aid of the beam chambers U1 
and U2 Events with more than one track in the beam chambers are discarded. 
6.2.2.1 Penetration Depth 
The hits in the tracking calorimeter (wire coordinate), the muon drift chambers, the resistive plate 
chambers and the scintillation counter mounted behind the beam dump were used to find the actual 
penetration depth of each punchthrough particle The RD5 experimental setup was divided into 
31 absorber depths d, each separated by a single detector or a group of detector elements The 
sequence of absorber materials and detector elements is indicated schematically at the bottom of 
figure 6.1. Worthwhile mentioning is that the amount of absorber material is not the same in all 
layers, e.g. the absorber material at depth 26 is the sum of the walls and support structures of the 
muon chambers in station 1. 
For each event the penetration depth was determined from its hit pattern гц, where гц represents 
the presence of a hit in a particular detector г (as indicated in figure 6 1 ). If at least one hit occurred 
in that specific detector гц is set to 1, whereas without any hits in the detector h, = 0 A hit 
in detector г is weighted appropriately, given the efficiency f
 ί
 and noise level g, of that detector 
The detector noise levels were measured with random triggers in the hadron beams The detector 
efficiencies were determined from the data of muon tracks obtained during the runs with dedicated 
muon beams. 
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Figure 6.1: The top view of the experimental setup of the RD5 detector and the 
schematic sequence of absorber materials and detector elements as used in the punch-
through analysis. 
As an example, figure 6.2 shows the efficiency determination of a single-layer HSC in the 
TRACAL detector. For the measurement of the total punchthrough probability the single-layer 
HSCs in TRACAL operated with a gas mixture of Аг/СОг = 70/30 % (although dedicated chamber 
tests were performed with other gas mixtures, amongst which Аг/СОг/СТд = 70/20/10). 
The operation voltage is strongly dependent on the gas mixture and was usually set to approx­
imately 100 V below the efficiency plateau. The three efficiency curves for a single-layer HSC 
for the three discriminator thresholds shown originate from 200 GeV/c muon tracks. It can be 
concluded that the quenching properties of CO2 and CF4 are similar, since interchanging 10 % of 
these gases did not influence the voltage at which the efficiency plateau was reached. The beam 
chambers were used for normalization purposes. Notice that due to its honeycomb structure the 
geometrical coverage of a single-layer HSC is less than 91 %. 
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Figure 6.2: The efficiency of a single-layer HSC m TRACAL as a function of the anode 
high voltage for three discriminator thresholds using two gas mixtures. 
The probability P¿ to obtain a given hit pattern is calculated for each possible penetration 
depth d and event j . 
η = Π e ( d - i ) M , + 9(d-i)( l -ru)(l - f j + 
(і-а)гцд + ( і - а Ш - г ц ) ( 1 -
д і
) (6.1) 
where d is the absorber depth (detector layer), 1 to 31, and i ranges over all detector elements. 
The step function θ is defined as follows. 
θ(χ) for X for X (6 2) 
As can be noticed in (6 1) the sum in the product consists of four terms. The first term 
contributes to all depths smaller than d if a hit has been detected m detector i, weighted with that 
detector's efficiency. The second term is the complementary of the first one. It gives a contribution 
for all depths smaller than d if no hit has been detected at depth i, weighted with the inefficiency 
of the detector. The last two terms are responsible for the contributions for all depths larger 
than d. The îhird (fourth) term contributes if (no) hit has been recorded in detector i, weighted 
with that detector's (inverse) noise level. For instance, it is possible to have the following hit 
pattern: 1 0 1 1 1 1 0 1 0 - 0 This hit pattern represents a detector layer having recorded at least 
one hit, a detector layer without any hit, followed by four detectors with a hit, one without a hit, 
one with a hit and the rest of the detectors showing no hits. The probability that (for this event j) 
the hadronic shower actually has stopped after detector 6 can be calculated with (6.1), yielding 
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К =
 f i ( 1 -hihUhUi^ — g7)gs n f l i - t 1 - 9 v ) · The relative probability that the depth d is the 
actual penetration depth of event j , i.e. the product P¿, can normalized over all depths to get the 
probability P¿: 
K = LÍI ρ' 
1 r k 
(6.3) 
This analysis method allows the different types of detector chambers present in RD5 to be 
treated in a consistent way. For every accepted event, the range R of the punchthrough particle 
is defined as the depth d which has the highest probability P¿. The range variable R is used to 
separate hadrons from muon contamination as discussed below. 
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Figure 6.3: Range distributions for 100GeV7c negative particles, muons (top) and 
pions (bottom). The depth scale is the sequence of absorber materials as presented 
schematically at the bottom of figure 6.1. The dashed lines indicate the depth in interac­
tion lengths λ. It should be noted that the amount of absorber material is not uniformly 
distributed over all depths. 
Figure 6.3 shows the range distributions both for muons and pions at 100 GeV/c momentum. A 
broad bump can be noticed in figure 6.3b which corresponds to the pion-induced hadronic showers 
stopping in TRACAL or inside the absorber magnet M2. The peak at penetration depth 31 contains 
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events which penetrated the complete RD5 detector Most of these events are primary muons, but 
also punchthrough particles from the hadronic showers induced by the incident pions are included 
Because of the non-uniform thicknesses of absorber material throughout the RD5 detector, the 
range distribution shows e g a peak at penetration depth 27 The peak corresponds to those 
particles which leak out of TRACAL, hence producing a hit at measurement point 26, but then 
stop in the first thick iron plate of the absorber magnet The algorithm returns 27 as the penetration 
depth in this case 
To obtain an insight into the distribution of penetration depth, the average probability Pj is 
calculated as 
] = 1 
where N is the total number of events The distribution in this variable determines the decision of 
an ambiguous event, ι e an event with two or more depths d with similar probability The depth d 
among the ones with the same probability is chosen for which P¿ is largest Hence, it enables one 
to avoid arbitrarily choosing one penetration depth over another 
After the removal of background events, ι e primary muons and superimposed events, the 
penetration depth distribution Pd is summed over d to obtain the final total punchthrough proba­
bilities Pp-r(d) 
d 
PPT(d) = 1 - ^ P ; (6 5) 
6.2.2.2 Muon Background Subtraction 
The longitudinal shower development scales, at small depths and for a given incident energy, with 
the average hadronic interaction length The highly penetrating particles found at large depths in 
the shower are predominantly muons which originate from pion and kaon decays in the cascade 
Therefore, an accurate punchthrough measurement, especially at large absorber depths, requires 
the elimination of any muon contamination in the hadron beam 
Primary Muons 
Events from incident muons are characterized by one clean minimum ionizing track which pe­
netrates the entire RD5 detector As an example, figure 6 4 shows a typical event of a 50 GeV/c 
muon beam 
However, frequently additional hits in TRACAL occur as a result of δ-ray production and 
other electromagnetic processes induced by the incident muon A good fingerprint to observe such 
processes was discussed in section 5 3 4 For the wire coordinate another signature is a large hit 
multiplicity within a single-layer HSC of TRACAL Additional (random) hits besides the ones 
indicating the muon track can originate from noisy channels 
As discussed in chapter 4, an incident hadron will produce a shower in the absorber material 
As can be noticed in figure 6 5, the hit multiplicity and the spread inside many TRACAL layers 
will in general be larger for an incident hadron than for an incident muon 
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RD5 Experiment 
RUN 5214 EVT 298 
μ' 50GeV 
M1 О ОТ M2 1 8T 
Figure 6.4· A typical event of a 50 GeV/c muon beam Drawn are the side view 
(x — у plane) and the top view (x — z plane), in the upper and lower part of the 
figure, respectively. The incident beam is along the x-axis The hits registered m 
the TRACAL detector, the RPC detectors and the muon dnñ chambers are shown The 
reconstructed (solid lines) and fitted (dashed ¡mes) tracks m the muon chambers are also 
indicated The detector components and the absorber magnet are drawn to scale 
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RD5 Experiment 
RUN 5222 EVT 4977 
π" bOGeV 
M1 О ОТ M2 1 8T 
||l|'|*y, 
»•¡HM 1 
Figure 6.5: A typical event of a 50 GeV/c pion beam. Drawn are the side view 
(x — у plane) and the top view (x — z plane), in the upper and lower part of the 
figure, respectively. The incident beam is along the x-axis. The hits registered m 
the TRACAL detector, the RPC detectors and the muon drift chambers are shown. The 
reconstructed (solid lines) and fitted (dashed lines) tracks in the muon chambers are also 
indicated. The detector components and the absorber magnet are drawn to scale. 
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Figure 6.6: TRACAL wire multiplicity for positive particles - muons, pions, kaons 
and protons, respectively - with an incident momentum of 100 GeV/c The additional 
muons m the pion and kaon beam arc clearly visible, whereas the proton beam is not 
contaminated 
A straightforward method to distinguish muon events from pion events makes use of this 
difference in the multiplicity in the TRACAL detector The multiplicity of TRACAL wires 
recording a hit is presented in figure 6 6 for positive particles (μ+, π"1", K+, ρ) at 100 Ge V/c 
momentum A muon contamination is obviously present in both the pion and the kaon beam, 
whereas the proton beam shows no muon fraction A suitable cut, depending on the momentum of 
the incident particle, on the wire multiplicity can eliminate most of these muons. However, some 
muons will survive this cut, especially the muons which are accompanied by secondary particles 
induced by electromagnetic processes inside the absorber materials These particles will produce 
a large number of hits on the wires of TRACAL 
An algorithm has been developed to separate the muon contamination from the actual hadron 
events in a more sophisticated way The algorithm is based on the hit multiplicity within the 
TRACAL layers. The array of TRACAL wires hit is examined for each event The hits which 
correspond to the characteristics of a typical muon event are removed from this array. The excess of 
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hits remaining after this procedure is interpreted to be characteristic for a hadron-induced shower 
In analogy to the hit pattern array introduced to indicate hits m detector layer г, an array of 
TRACAL wires is defined as follows 
( 0 No hits at wire position i in TRACAL layer ι, 
h», = { (6 6) 
[ 1 At least one hit at wire position j in TRACAL layer г 
The following, empirically developed steps are consecutively processed by the algorithm which 
removes hits with typical muon event characteristics from the TRACAL hit pattern array 
• The hits in the single-layer HSC in TRACAL with the highest wire multiplicity are removed 
This prevents that an incident muon fakes a hadron event by a large hit multiplicity in a 
single TRACAL layer originating from electromagnetic processes in the absorber material 
with high energy losses Occasionally the elimination of the hits from the hit array of the 
HSC layer with the highest multiplicity will be erroneous, e g if actually no electromagnetic 
process occured However, the removal of a single layer from the analysis does not have a 
large impact on the final result 
• Additional hits, e g accidental ones due to noise, are removed from the hit pattern array 
This is accomplished through the rejection of those hits in the TRACAL layer г which have 
the largest spread, defined by RMS(i) 
R M S 2 ( i ) = ^ h l J ( i - 0 ) l ) 2 ^( , ) l = - l _ J (6 7) 
• The track of the primary minimum ionizing particle is removed from the two-dimensional 
hit array This elimination is performed by discarding the hits from the cluster closest to the 
incident beam, upto 3 neighbouring hits, in each single TRACAL layer 
The so-called activity A is deduced from the hits still present in the two-dimensional TRACAL 
wire hit array after the above mentioned cuts 
A = ^ R M S 2 ( i ) , (6 8) 
ι 
where the sum is over all single-layer HSCs in the TRACAL detector Hence, the activity A is a 
measure of the spread in the hadronic shower and the hit multiplicity inside the calorimeter 
A better distinction between hadrons and muons than indicated in figure 6 6 can be obtained 
by using both the activity A and the range R of an event Figure 6 7 presents the activity plotted 
versus the range for both muons and pions at 100 GeV/c momentum It can be noticed that most 
of the incident muons have a negligible activity (A ~ 0) and the maximum range (R =31) The 
incident pions (and in general hadrons) show a larger activity and spread, and a shorter range 
These particles are therefore distinguishable from incoming muons 
The activity distribution of all recorded muon (a) and pion (b) events with a 100GeV/c 
incident momentum are presented in figure 6 8 It is obvious that most of the muon events are 
confined to the region with a minimal activity (A ~ 0) The tail of muon events towards higher 
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Figure 6.7: The activity A versus range R distributions for 100GeV/c negative 
muons (top) and pions (bottom). The dashed lines indicate the range measured ¡n 
interaction lengths λ. 
activities is attributable to muons which are accompanied by electromagnetic secondaries. A 
muon contamination can be observed in figure 6.8b m addition to the broad peak of a pion-induced 
hadronic shower. 
For a more detailed determination of the origin of the two components m figure 6.8b, the activity 
distribution is shown as a function of absorber depth in figure 6 8c-e. The activity distribution 
indicated with "R < 1 Ολ" refers to only those particles which are completely absorbed before 
muon station 1 (MSI ). Analogously, the distributions labelled "10λ < R < 20λ" and "R > 30λ" 
relate to the particles stopped between MSI and MS2 and to the particles penetrating the detector 
farther than MS3, respectively. The difference in height of the histogram is remarkable when 
going from "R < 10λ" to "1 Ολ < R < 20λ". This reduction reflects the absorption of pion-induced 
hadronic showers, while the peak tentatively assigned to muon contamination diminishes as well. 
The fact that a large number of entries at the low activity region appears to stem from highly 
penetrating events, probably muons, is been made evident in figure 6 8e. These events are indeed 
muons penetrating the entire detector Also a further reduction of the hadron shower peak can be 
observed in figure 6 8e. 
An activity cut of A=20 was chosen for incident particles of 100 GeV/c to exclude the muon 
00 
50 
μ 
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11154 
1464 
Activity 
Figure 6.8: The activity A distribution for 100 GeV/c negative muons'(a) and pions (b). 
For the pion sample the distribution is also given as function of the depth at which 
the pion-induced hadron shower has been absorbed completely: before the first muon 
station (c) or in between the first and the second muon station (d). Also particles from 
the shower are indicated which penetrate the detector farther than the third (last) muon 
station (e). The full vertical scales of (a) and (e) ate indicated on the right. 
background efficiently. An estimation was made of the number of additional pion events in the 
activity region below 20. Under the assumption that the shape of the distribution in the two plots 
at the bottom of figure 6.8 (d and e) are simular, it seems valid to state that the fraction of events 
with A < 20 is the same in both situations. This correction factor is applied to determine the total 
number of pion events which penetrate to this absorber depth (10λ < R < 20λ). In analogy, the 
number of muon events with an activity larger than 20 can be estimated by counting the fraction 
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of muon events with A > 20 in figure 6 8a. This correction factor is also applied to the data sample 
for the determination for the total punchthrough probability 
The pion beam suffered from a small electron contamination for incident momentum below 
100 GeV/c An estimation of this contamination was possible through a measurement of the 
number of particles absorbed in the lead block (29 X0) installed in front of the TRACAL detector 
It was found that this number was to be less than 0 5 %o at 30 GeV/c Since the lead bnck wall 
was not equipped with electronic readout, the character of the particles stopped there could not be 
established The estimate of the total systematic error in the punchthrough probability includes 
this uncertainty 
Superimposed Events 
The most significant error in the punchthrough measurements using the 1991 data sample originated 
from the presence of halo muons in coincidence with the hadron-induced showers These so-called 
superimposed muons could not be removed by the muon background subtraction algorithm An 
estimation was made for the probability to have two events superimposed by considering runs 
with a random trigger inside the spill and by visual scanning 
It was found that these events were mainly halo muons A halo muon enters the RD5 detector 
parallel to the beam but outside the active area of the trigger The halo particles are almost 
uniformly distributed over the total area of the muon chambers However, most of the tracks 
produced by superimposed particles are not reconstructed by the muon drift chambers because of 
their mismatch in time The misalignment occurs because the drift time in the muon chamber is 
measured with respect to the t 0 signal defined by the arrival time of the primary beam particle 
The actual arrival time of the superimposed particles is t 0 + 5t To distinguish these particles 
a cut on the χ 2 of these reconstructed tracks proved to be sufficient The RFC detectors offer 
an additional opportunity to diminish the background of superimposed particles. This further 
reduction was accomplished by the requirement that both the muon station and the attached RPC 
detectors recorded hits belonging to a track of a particle It was possible to use this method because 
of the short gate time of the RPC (70 ns) Therefore, an RPC will record only a fraction of the 
superimposed events 
Events for which at least one track in either muon station 2 or 3 could be reconstructed and 
which show an activity in the TRACAL detector larger than 2 (to suppress pure muon events), 
have been selected to be scanned visually This selection identified the superimposed events as 
having, in addition to a hadronic shower in TRACAL, a clearly visible straight track through the 
muon detectors parallel to the primary beam, but off the axis of the incident beam Table 6 2 
presents the estimation of superimposed particles, in dependence on the momentum of the primary 
beam particle The increase of superimposed events from 37 % at 300 GeV/c to 75 % at 30 GeV/c, 
of all events having reached muon station 3, is remarkable All these events were discarded from 
the data sample The error of this method of background subtraction was been estimated through 
the determination of the number of events which were candidates for superimposed events, but 
could not unambiguously be identified as such 
The installation of the RPC veto wall, before the RD5 run period in 1992, reduced the additional 
muon background to a negligible level The rejection of halo muons was not fully effective since 
the efficiency of the RPCs in the veto wall was about 95 % Another source of halo particles were 
muons which entered the RD5 detector at large angles outside the sensitive area of the veto wall. 
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Particle momentum Superimposed events 
[GeV/c] (fraction) 
30 0 75 ±0.18 
40 0.66 ± 0.26 
50 0.67 ± 0.28 
75 0.72 ± 0.22 
100 0 62 ± 0 12 
200 0.58 ±0.12 
300 0.37 ±0.11 
Table 6.2· The fraction of all events (in the 1991 RD5 data sample) having reached the 
third muon station (R >30λ) and being ¡dentifìed as superimposed events 
Hits in the first muon station were accepted when they lied inside the dimensions of the TRACAL 
detector Since the dimensions of the absorber magnet were smaller than the ones for the muon 
stations, hits in the muon chambers lying outside the absorber boundaries were rejected. Only hits 
in the area of the absorber magnet were used in the second and third muon station. 
Especially the presence of a halo muon entering the detector in coincidence with an incident 
beam particle causing a hadron-induced shower, will influence the punchthrough measurements. 
Characteristic for such an event is a large hadronic shower in the calorimeter, in coincidence with 
a muon track reaching the last muon station. If the penetrating track did not point back to the 
calorimeter, an event was identified as a halo particle and rejected from the analysis. For the 
π " beam and depending on the beam momentum, 30 to 40 % of all tracks which reached the third 
muon station did not point back to the calorimeter. This fraction was about 10 % for the incident 
π
+
 beam. A verification of these numbers was performed by visually scanning a sample of all 
events reaching the third muon station (100 events of each data sample). 
6.2.3 Description of RD5 Punchthrough Simulation 
The simulations performed for the RD5 detector [ 158-160] are for incident π~ beams (five different 
momenta) and a K+ beam (one momentum) One of the primary purposes of the simulation of 
the RD5 experiment is the validation of the GEANT code [161]. In this way confidence may be 
obtained in GEANT predictions concerning the design of detectors based on this (widely-used) 
simulation software package. The TRACAL detector, the RPC detectors and the muon drift 
chambers are included in the simulation. Furthermore, both the magnets (M1 and M2), the lead 
bnck in front of TRACAL and concrete supports for magnet M2 are simulated. The simulation 
accounted for the 1.5 Τ field of M2 and, for most momenta, two different field conditions of Ml, 
0T and 3T. A third Ml field condition, 1.5T, was also simulated, but only for an incident beam 
of π - particles at 30 GeV/c momentum. 
The GEANT version 3.21 was used for the simulation of the RD5 punchthrough data sample. 
The hadronic shower generators [162-165] GHEISHA and FLUKA were used to treat hadronic 
interactions for incoming negative pions with momentum of 10, 30, 50, 100 and 300GeV/c, 
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respectively. Furthermore, GHEISHA was used to simulate events originating from positive 
kaons at 50GeV/c incident momentum. The total number of events generated for the stated 
momentum values, particle types and magnetic field strengths are presented m table 6 3. 
The simulation code digitized all hits in the detector volumes and was then written to a file in 
the same format as the actual RD5 data. The simulated data were then processed with the same 
analysis program as used for the experimental data The honeycomb cell cathode structure, which 
surrounded the anode wires of the single-layer HSC detectors inside TRACAL, was taken into 
account in the hit digitization. The drift time for the wires was encoded and an electric charge 
was induced on the strips Also for the muon chambers the drift time was digitized, whereas the 
digitization encoded just one bit for each strip hit in the RPC, just as done for the experimental 
data. The beam spot was modelled according to a Gaussian distribution as measured with the 
beam chambers in RD5 (see section 5.3.3). 
Particle 
n~ 
K+ 
Momentum 
[GeV/c] 
10 
30 
50 
100 
300 
50 
GHEISHA 
Magnetic field M l 
от 
14500 
10800 
7500 
7400 
3100 
9000 
1 5 T 
12000 
ЗТ 
16500 
12400 
8100 
13400 
4300 
8040 
FLUKA 
Magnetic 
от 
14500 
12000 
10560 
6600 
2400 
field M l 
3 T 
19500 
10000 
8100 
8200 
3000 
Table 6.3· Event statistics for GEANT simulated events with GHEISHA and FLUKA 
hadron cascade generators, respectively. 
The GEANT low energy cutoffs used are (i) 1 MeV for all particle types in the absorbers and 
(ii) 10 keV for photons and electrons in the sensitive volumes of the various detectors The lower 
cutoff values in the sensitive volumes allow neutral particles to interact and produce low energy 
electrons These electrons are then counted as hits in the corresponding detector. The follow­
ing physics processes were included in the simulation· pair production, Bremsstrahlung, δ-ray 
production, photonuclear fission, photoelectric effect, Compton scattering, Rayleigh scattering, 
muon-nuclear interactions, multiple scattering, annihilation and decays 
6.2.4 Results for Hadron-Induced Showers 
6.2.4.1 Total Punchthrough Probability 
The total punchthrough probability, Ppr(d), of hadron-induced showers are presented in figures 6 9 
through 6 13 as a function of absorber thickness in meters of iron equivalent, m Fe,^. The incident 
hadrons are negative and positive pions, positive kaons and protons. The results obtained with 
the magnet Ml switched off (0T) and at full strength (3T) are compared. These measurements, 
together with additional measurements taken with Ml at half field (1.5T), are numerically tabulated 
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in appendix С The results from simulated data for the particle types and momenta given in table 6.3 
are represented by the dashed lines for M1 switched off and the solid lines for Ml at full field. The 
statistical errors for the simulated data are shown for the last bin in each of the simulation curves. 
In general, these curves are characterized by two clearly distinct regions. A punchthrough 
probability curve has a steep slope at depths below 3mFeeq, which represents the absorption of 
the hadronic component of the induced shower as a function of increasing absorber depth. The 
curve flattens off at a depth larger than 3 m Fe
e q. The flat part is to be attributed to the presence of 
penetrating punchthrough muons produced in the hadronic shower. 
A reduction in the total punchthrough probability can be observed in the figures for the Ml at 
full field relative to that for Ml switched off. In part, this effect can be explained from the fact that 
low energy shower particles curl inside TRACAL in the presence of the magnetic field Another 
explanation may be that punchthrough particles can be deflected outside the detector acceptance 
by the combined fields of M1 andM2 For depths below 10 λ (d < 1.69 m Fe
eq), the geometrical 
acceptance of the RD5 detector is determined by the dimensions of TRACAL, for depths over 10 λ 
by the height of M2. This acceptence limitation is more pronounced if the magnet Ml is at full 
field. Particles which leave the calorimeter at large angles can be deflected outside the acceptance 
of the absorber magnet M2. 
Effect of Finite Detector Acceptance 
The effect of the finite detector acceptance on the determination of the total punchthrough proba­
bility was estimated by an additional GEANT simulation Both the dimensions of the TRACAL 
detector and the absorber magnet were expanded to cover the complete surface of the muon drift 
chambers (3.2x3 8 m2). A comparison was made between the total punchthrough probability at 
a given depth obtained from the additional simulation (enlarged geometry) and the probability 
obtained from the normal simulation (actual RD5 geometrical setup) This comparison resulted in 
an estimation for the reduction of the total punchthrough probability (independent of the incident 
hadron momentum) due to particle loss outside the detector acceptance. For the events simu­
lated with Ml switched off, the reduction in the total punchthrough probability inside TRACAL 
(< 1.69 m Fe
eq) is negligible and increases to (4.4±0.6)% at the first muon station and (5 7±2.3)% 
at the second muon station. The result of the simulated data with Ml at full field shows a reduction 
in the total punchthrough probability of (7.3 ± 1.4)% at the first and increases to (51 ± 6)% at the 
second muon station. The presented data has not been corrected for the geometrical acceptance. 
It can be concluded that the reduction in the total punchthrough probability (see figures 6 9 
and 6.12) caused by the magnetic field, as observed for an absorber depth larger than 10 λ, ι e 
in all muon stations, can completely be explained by the deflection of punchthrough particles 
out of the geometrical acceptance of the RD5 detector The reduction in the total punchthrough 
probability for absorber depths below 10 λ, ι e. within TRACAL, is expected to be caused by low 
energy shower particles with circular trajectories inside TRACAL. As expected, the reduction 
in punchthrough under the influence of a magnetic field is largest for low momentum hadrons 
Especially for the 10GeV/c π~ data (figure 6 9 or at the top in figure 6 11), the reduction in the 
total punchthrough probability at 1.43 m Fe«, is clearly visible (almost a factor 3) 
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6.2. Total Punchthrough Probability 111 
Low Momentum Incident Particles 
The total punchthrough probability of 10 GeV/c incoming π~ particles, for both magnetic field 
conditions (0 and 3 T), and of 20 and 30 GeV/c incident n~ particles, for a magnetic field of 3 T, 
was only measured upto the level of muon station 1 at ~ 10 λ (about 1.69 m Fe«, in figure 6.9). 
The background muons in the data sample, originating from pion of kaon decay upstream of the 
RD5 detector, could not be effectively rejected with the muon subtraction algorithm. Events with 
only one minimum ionizing track in the TRACAL detector and a penetration depth upto muon 
station 3, are regarded as incident muons. However, this definition fails for a large number of 
muons present in pion beams with a low momentum, because a lot of muons are bent by the 
magnetic field out of the acceptance of muon station 3. Hence, no hit will be recorded at that 
depth, which results in the conclusion that the particle appears to have stopped between the second 
and third muon station. Via the analysis of the 10 GeV/c μ~ data an estimate was found for the 
fraction of background muons lost from the 10 Ge V/c n~ beam. It was found that the fraction of 
muons bent out of the geometrical acceptance between the second and third muon station is 30 % 
while another 5 % is lost between the first and second muon station. 
Positive Particles 
The total punchthrough probability of positive particles (protons, pions and kaons) is compared 
in figure 6.13 for data without a magnetic field. At 100GeV/c incident momentum, at given 
depth, the total punchthrough probability for π + particles and protons is noticeably less than 
for K+ particles. A possible explanation for this difference is the fact that kaons have a higher 
probability to decay into muons than pions have [166,167] (protons do not decay into muons). 
Since a kaon-induced shower contains more secondary kaons than a proton- or pion-induced 
cascade, this will substantially influence the punchthrough. Furthermore, the inelastic cross 
section per nucleón is 31, 20 mb and 16mb for protons, π + and K+ particles, respectively (at 
100GeV/c) [8]. On average, protons and positive pions undergo a primary hard interaction at a 
smaller depth inside the TRACAL detector, relative to positive kaons. The absorption of protons 
and positive pions is therefore enhanced relative to positive kaons, since, after the first interaction 
protons and pions still have a larger amount of absorber material available in which the remaining 
shower can be stopped. 
Comparison of GHEISHA and FLUKA 
The total punchthrough probability from the simulated data of incident π' particles is compared to 
the results of experimental data in figures 6.9,6.10 and 6.11. The results from the hadronic shower 
generators GHEISHA and FLUKA are shown in figures 6.9 and 6.10, respectively. The results 
obtained with GHEISHA and FLUKA for 10 GeV/c incident π~ particles are compared with the 
RD5 data sample in figure 6.11 (top). The horizontal scale only extends to 2mFeeq in order to 
magnify the area of interest for these low momentum data. The agreement between the simulated 
data and the experimental data is good, especially for the hadronic shower generator FLUKA. 
The reduced χ 2 distribution (several momenta, two magnetic field settings) shows that the actual 
hadronic shower development agreed reasonably well with experimental data for all momenta. 
The agreement between the generators and experimental data proved even to be better for particles 
reaching a depth of at least 10 λ. The χ 2 calculation showed furthermore that FLUKA exhibits 
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a slightly better agreement in the low momentum region, i.e. at 10 GeV/c and 30 GeV/c incident 
momentum, as can also be noticed from figure 6.11 (top). The comparison between the measured 
total punchthrough probability of 50GeV/c incoming K+ particles, with Ml at full strength, and 
the results obtained using GHEISHA is shown in figure 6.13 (bottom), yielding a good agreement 
between the experimental and simulated data. 
Muon Component 
An investigation of the muon contribution to the hadron-induced punchthrough showers is pre­
sented in figure 6.11 (bottom) as a function of absorber depth. Α π -induced (50GeV/c incident 
momentum) hadronic shower was simulated with the hadronic shower generators. During the 
simulation the particle identification information was recorded. The (simulated) muon component 
is indicated by the dashed (FLUKA) and dotted (GHEISHA) lines denoting the fraction of sim­
ulated events with a muon present either at the marked depth or at larger depths. Both hadronic 
shower generators predict that hadronic punchthrough dominates in the developing shower upto 
about 10 λ (1.69 m Fe«,), and punchthrough muons at depths larger than that. 
6.2.4.2 Shower Lateral Distribution in TRACAL 
мі=от 50GeV/c π м і = з т 
o.i 
с 
Э 
xi 
bri 
< 
Layer 8 Data 
GHEISHA 
FLUKA 
-20 20 -20 
HSC Wire Position (cm) 
20 
Figure 6.14: Profìle of TRACAL wires (within a single-layer HSC) recording a hit for 
data taken with Ml off (¡eft) and Ml on (rìght) at TRACAL layers 8 (top) and 21 (bot-
tom), i.e. at about 2.5 λ and 7.5 λ, respectively. Compared are 50 GeV/c negative pion 
experimental data (solid line) and simulated data using GHEISHA (dashed line) and 
FLUKA (dotted line). The histograms were normalized by the total number of events. 
Wire position 0 indicates the nominal position of the incident hadrons. 
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Other properties of hadron-induced showers were investigated, such as the shower lateral distibu-
tions, as measured by the anode wires of TRACAL, for both the magnet Ml switched off and at 
its full field strength. Shown in figure 6.14, is the distribution of the wires in TRACAL (within a 
single-layer HSC) recording a hit at the position of layers 8 and 21, i.e. at ~ 2.5 λ and ~ 7.5 λ, 
respectively. These layers were chosen as representative for a hadron-induced shower at the 
beginning and the end of the shower development. 
The 50GeV/c π " RD5 data sample is compared with simulation results obtained with the 
hadronic shower generators GHEISHA and FLUKA. An elaborate description of the single-layer 
HSC detectors used as sensitive layers inside TRACAL is given in section 4.5. As was shown 
in figure 4.12, only the 32 central wires of layer 8 were instrumented with electronic readout 
equipment, which can be noticed in figure 6.14 (top). All distributions in figure 6.14 were 
normalized by the total number of events for a better comparison of their shape. The distributions 
derived from simulated events agree with the RD5 experimental data, although significantly better 
with Ml = 0 Τ than for Ml = 3 T. 
6.2.4.3 Shower Multiplicity Distribution in TRACAL 
Another property for hadron-induced showers was investigated by the measurement of the total 
charged particle multiplicity. 
Ml = 0 T 50GeV/c 7Γ M1 = 3 T 
40 1 
HSC Wire Multiplicity 
Figure 6.15: Multiplicity of TRACAL wires (within a single-layer HSC) recording 
a hit for data taken with Ml off (left) and Ml on (right) at TRACAL layers 8 (top) 
and 21 (bottom), i.e. at about 2.5 λ and 7.5 λ, respectively. Compared are 50 GeV/c 
negative pion experimental data (solid line) and simulated data using GHEISHA (dashed 
line) and FLUKA (dotted line). The histograms were normalized by the total number of 
events. 
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The multiplicity distributions, as measured by the anode wires of the TRACAL detector, are 
shown in figure 6.Ί5, for the magnet Ml switched off and at its full field. Presented is the 
multiplicity of wires in TRACAL (within a single-layer HSC) recording a hit, again at the position 
of layers 8 and 21 For the layers inside the shower maximum the number of events with zero 
multiplicity (not shown) is low, since the number of charged particles produced leaking outside 
the absorber layer is large, ι e. the probability of not leaving a signal in an HSC layer is small. 
As for the layers positioned in front of the place where most hadron-induced showers tend to 
have their maximum, the zero multiplicity was consistent with the geometrical inefficiency of a 
single-layer HSC (see figure 6 2). Finally, for layers further downstream in TRACAL the number 
of entries with zero multiplicity increases because, especially for the low momentum data, not 
every hadron-induced shower will reach those layers. Again, the 50GeV/c π~ RD5 data sample 
was compared with simulation results obtained with GHEISHA and FLUKA. All hit multiplicities 
in figure 6 15 were normal ízed by the total number of events for a better comparison of their shape. 
The multiplicity distributions obtained by simulated events agree well with the RD5 experimental 
data 
6.3 Momentum and Angular Distribution of Punchthrough 
Muons 
The momentum and angular distribution of punchthrough particles were measured downstream of 
the TRACAL detector [153] The M2 iron toroid magnet was used as a muon spectrometer The 
results are compared with predictions from simulations. 
While the momentum and angular distribution of prompt and decay muons can readily be 
calculated, for muons generated in a hadron-induced shower such a calculation is more complicated 
and involves the use of supplementary cascade generators 
6.3.1 Determination of Punchthrough Muon Momentum 
In analogy to the total punchthrough probability analysis, the momentum analysis included RD5 
data samples at different energies and with different particle types, taken with both the MB trigger 
and the 10 λ trigger 
Again, the activity variable was used to reject the muon contamination of the incident beam 
particles. The cut used to distinguish between incident hadrons and muons ranged from A = 7.5 
to 40 for incident momentum ranging from 30 GeV/c to 300 GeV/c. The separating power of this 
variable was good for high momentum incident beams, but degraded with decreasing momentum 
The events failing this activity cut were counted. The signal losses resulting from this cut were 
calculated (for every momentum) through the subtraction of the normalized activity distribution 
of the muon beam from the activity distribution of the hadron beam The activity distribution 
for incident muons was normalized, with respect to the distribution of hadrons, to have the 
same number of entries for A < 15 The signal loss was estimated to be (14.6 ± 0.5) % and 
(2.4 ±0.1)% for the 30 GeV/c and300GeV/c beam, respectively. This signal loss turns out to be 
almost cancelled by the background remaining from beam halo. 
This algorithm will identify a hadron penetrating the entire calorimeter without interaction 
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or decaying into a muon before its first interaction as a "muon" and the event will therefore be 
rejected. The RD5 detector does not provide any handle to separate such an event from the genuine 
muon background. 
Hadron-induced showers may start upstream of the TRACAL detector. Especially for low 
momentum the beam has a wide profile. It was noticed that the incident hadrons frequently 
showered in trigger devices and shielding materials. An additional muon background stems from 
decaying secondary particles created in these showers. A good characterization of these events is 
the large number of tracks in the beam chambers. A multiplicity cut in both beam chambers was 
used to discard the events which appear to start a hadronic shower before the calorimeter. On the 
other hand, due to e.g. noise, the beam chambers occasionally returned wrong multiplicities. This 
effect was measured with data from muon beams. The beam chamber efficiency was found to be 
(91.8 ± 0.2
stat ± 1.0sys) %, independent of the incident beam momentum and stable in time. Since 
this cut was only applied for selected events, the beam chamber efficiency had to be corrected for. 
6.3.1.1 Momentum Fit of Punchthrough Muons 
To be accepted for a fit of its momentum a punchthrough muon had to penetrate at least 20 λ in 
the RD5 detector, hence a track in the second muon station was required. For every track in the 
second muon station, matching tracks were searched in the first and third muon stations, with 
the requirement to find at least one. The track candidates were fitted with the use of the GEANE 
package [ 168] of the GEANT library. If the fitted track did not point back to the TRACAL detector 
it was recognized as beam halo and rejected. No signal loss was observed from this cut. However, 
halo muons penetrating the calorimeter passed this cut. 
The fraction of identified background events is about 12.5% for 30GeV/c and decreases to 
about 2 % for a 300 GeV/c π - beam. These percentages are nearly equal to the ones found for 
the signal loss due to the activity cut. The momentum spectra of the lost signal events and the 
identified background events both have the same shape and are nearly flatly distributed over the 
entire momentum range. For this comparison the data of all momenta were combined and the 
relative momentum was used. Hence, the signal loss correction and background subtraction almost 
cancel each other. Therefore no background subtraction and signal loss correction was performed. 
Instead, an adequate systematic error was added, from 5 % downto 1 % for the momentum range 
from 30 GeV/c upto 300 GeV/c. 
The momentum distributions presented in figures 6.16 to 6.18 originate from events after the 
fit and after application of all cuts. In the situation that more than one track was reconstructed, 
the one with the best χ 2 value per degree of freedom was chosen. This seems reasonable since 
most of the multi-track events originate from reconstruction ambiguities, and only few are real 
multi-track events. 
6.3.1.2 Description of Simulation 
The hadronic shower generator GHEISHA was used to produce a data sample to be compared 
with the experimental data. 
The simulation was tuned for speed to generate a reasonable number of muons which penetrate 
the RD5 detector to a depth of 20 λ. Only the particles within the last 80 mm (last absorber) 
of the TRACAL detector were tracked, to give approximately the correct distribution of tracks 
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in the first muon station. The lower momentum threshold for particles to be tracked in the rest 
of the calorimeter was set to 3GeV/c, i.e. the momentum required for a penetrating muon to 
reach the second muon station. Hence, no signal events were lost because of this modification. 
The data of events generated in the simulation were treated in the same way as the experimental 
data. However, the activity cut and the beam chamber cut were not applied in the analysis of the 
simulated data. 
6.3.2 Momentum Distribution of Punchthrough Muons 
The momentum distribution of punchthrough muons are presented in figures 6.16 to 6.18 for 
various beam momenta and particle types. The distributions were corrected for detector and fit 
inefficiencies: 
• The 10 λ trigger efficiency; (99.0 ± 0.3) %. 
• The reconstruction efficiency of a track segment in one muon station (position and direction 
dependent); 79 — 91 %, typical error: 2%. 
• The matching efficiency, of track segments between two muon stations, and the fit efficiency, 
momentum dependent; 90 — 50 %, typical error: 2 %. 
• The beam chamber efficiency (i.e. percentage of identified single track events); (91.8±1.2) %. 
The momentum distributions of punchthrough muons for π " and π + beams of various incident 
momenta are shown in figure 6.16. It can be noticed that the number of secondary muons increases 
with increasing incident hadron momentum. The figure includes results from experimental data 
with the magnet Ml switched off and at full field. The probabilities, integrated over the muon 
momentum, are consistent with the total punchthrough probabilities presented in section 6.2.4. 
A distinction between negative and positive punchthrough muons is indicated by the sign of the 
momentum (horizontal axes in the figures). The hole in the middle of the momentum distribution 
is caused by the 3 GeV/c momentum threshold. This threshold is applied to muons which penetrate 
the absorber magnet from the momentum reference plane at 10 λ to the second muon station (at a 
depth of 20 λ). The upper momentum limit is given by the momentum of the incoming beam. The 
few entries above the momentum of the incident beam are caused by the momentum resolution of 
the detector. 
The asymmetry in charge, which can be observed in each of the momentum distributions, 
is most obvious for low momentum incident particles. It can be explained by the fact that the 
leading particle in a hadronic shower carries the charge of the incident hadron. Particles of 
opposite charge are of course produced in the shower, but because of the constraint that the 
net charge of the hadronic shower has to be identical to the charge of the incident particle, the 
number of same-charge particles, is always larger than that of opposite-charge particles. When, 
for instance, the average charge multiplicity after the first interaction is 5, i.e. a common value for 
a low momentum incident hadron, and assuming a positive incident hadron, then the number of 
produced negative particles has to be 2, while the number of positive particles must be 3. This 
fraction of same- and opposite-charge particles is conserved in subsequent decays and, hence, is 
present in the momentum distribution of the secondary muons. As the shower develops the charge 
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multiplicity increases, but the average momentum of the higher generation particles reduces more 
and more Hence, the charge asymmetry is largest for the first generation decays (few particles 
in the shower) and should be most obvious for the high momentum secondary muons (higher 
average momentum) The charge asymmetry should, therefore, also be more pronounced in the 
momentum distributions of secondary muons originating from low momentum incident hadrons 
than in the distributions for muons produced in high momentum hadronic showers In the low 
momentum hadronic shower namely, the relative fraction of the first generation muons is higher 
than that for a shower induced by a high momentum hadron 
The simulation gives the momentum distributions for punchthrough muons shown in figure 6 17 
where they are compared with results from RD5 experimental data The experimental data for the 
Ml magnet switched off and at full field were combined, after acceptance correction The errors 
of the simulated distributions are quite large, due to the limited statistics The distributions are 
compatible within these errors 
An enhancement of punchthrough muons with momentum just below the incident beam mo­
mentum can be noticed for the 30 and 50 GeV/c simulation data sample This enhancement can be 
explained by the decay of the incident n~ particle The activity cut rejects decay muons from the 
experimental data, even if the incident hadron decays m the calorimeter before the first interaction 
This activity cut is not applied to the sample of simulated data 
The momentum distributions of punchthrough muons which originate from 100 GeV/c beams 
of different incident particles are compared (for Ml = 3T) in figure 6 18 To indicate that 
the distributions of incident n~ and 7t+particles are almost identical, once the opposite charge 
is accounted for, the sign of the punchthrough muons originating from the π beam has been 
reversed The error bars have been omitted to facilitate a better comparison Except for the 
momentum distribution of secondary muons from incident protons, the distributions are nearly 
the same within the errors The distribution for proton data has significantly fewer muons with 
momentum above 30 GeV/c The most obvious explanation for this effect is that in case of an 
incident proton no first generation decay is possible The same effect should be noticable in 
the enhanced momenta of secondary muons from incident kaons with respect to the momenta of 
pion-induced punchthrough muons The fact that this is not visible in the momentum distributions 
may be due to the lack of statistics Also at other incident momenta the momentum distribution of 
punchthrough muons originating from different hadrons did not show any significant difference, 
except for the proton data sample 
118 6. Punchthrough Measurements 
Лээ/Äuiiqeqojd 
> 
Ш 
a 
о in 
*42 
ЛУ 
> 
u 
/N 
£ fe * , -* * ^ 
i i ^ « 
' i 
Імп 
> 
α 
О 
S 
.f 
«·№-
ü-
I ι Τ Γ ι 
> 
φ 
ο 
S 
<*f?. 
ο 
·* 
ο 
CM 
ο 
ο 
CM 
ι 
ο 
ι 
ο 
ο 
CM 
ο 
ο 
CM 
ι 
ο 
ο 
ο 
CM 
ο 
CM 
ο 
ο 
"ί-
Ο 
ΓΜ 
ο 
ο 
CM 
ο 
> 
φ 
ο 
Ε 
Э 
φ* 
с 
ο 
Ε 
ο 
Ε 
с 
ο 
3 
Ε 
> 
φ 
α 
Ε 
Э 
с 
φ 
Ε 
ο 
Ε 
с 
ο 
Э 
Ε 
Ε 
-с: 
CU) 
+ 
с 
я 
с: 
і 
«i: 
ν: 
С 
0 
э 
E 
-с 
а» 
•с 
о 
с 
а, 
ч» 
о 
о 
ч. 
о 
J5 
О, 
ΐ 
Я 
СП 
F 
2 w 
υ 
E 
о 
E 
тэ 
S 
э 
«5 
υ 
E 
υ 
<a 
^ ve 
¡-s, 
S 2 E i 
il e2-
S -s 
о. г> 
ö
"3 
я f? 
F l 
*_1 * w 
1 § 
^ a. 
Ρ та 
Si 
o ja 
S 5 
О сч 
2 "а 
о
 я 
С 2 * 
К и 
•С -С 
"а -'S 
Л 2 
υ E 
о ,_ 
о « 
ТЗ U 
с -с 
Я *-
— à 
О с 
І Л о 
о" 5 
S C2-a 
э 
oc »- £ 
э « 
E 
с 
υ 
E 
о 
E 
S 
s* 
υ c-
u s. 
о 
β, 
я 
·£ 
- f 
•о 
о 
а. 
«> 
и. 
я 
«5 
О 
3 
^ E 
Ρ 9 
' о ' о 
ЛЭЭ/AlinqBqojd 
6.3. Momentum and Angular Distribution of Punchthrough Muons 119 
-с 
э 
О 
-с 
u 
с 
э 
a . 
«к. 
O 
С 
о 
-о 
Л «J ¿ 
•S -S S 
5 « 'Ζ 
*— С -С 
£ i? 
7 3
 υ ρ 
^- CUI 
"> —-. с E ^ = 
га го 2 
" .ι Ξ 
- с II 5b 
.у ,— с 
Ο -α 
ρ 
-с 
S 
г 
О 
Vi 
α. 
E 
о 
о 
ί ­
ο 
<υ 
с 
о 
га 
Я) L , 
О 
E 
с ; 
<υ 
"α 
с 
о 
э 
га Ρ 
о .
 с 
£ -с 
о ^ 
° Ρ 
•О [ g 
и, 'λ 
U 
•α = 
ч 5 yi га 
f -SP £< 3 
00 u u -fa m 
* * S í=
 L 5? 
ее 
NO 
э 
oc 
Ζ. J> о 
•fi Τ! -Ρ 
5 fi 
S-s 
- О "* <L> 
ел dj ' t ; 
5 à E 
с
 я s 
. A i га 
в "Э -S C o u 
I <U я 
e •£ -β 
Aeo/A)!l!qeqojd 
> 
Φ 
о 
о in 
-f 
_±i 
> 
» 
О 
о 
m 
А 
Φ * 
І ^ 
--< 
• < - -
* 
-о— 
V 
> 
« 
о 
S 
I 
«sí 
¿ • S K . . . 
r
* < } - -
--*--. 
> 
о 
о 
о > 
О 
° с 
см С 
3 
с 
О) E 
о 
ε 
с 
° ? 
•* 3 
Ό ' о 
A39/A)!l!qeqojd 
"О 
-с m 
Ρ cá 
•S *» -
ο E щ 
-aï 
5 с S 
| à "S 
* * ГИ +-• 
u 
c: (30 
ra 
I 
g. S 
С ci 
я 
га С - 5 
li 
ο ΐ 
S SÌ 
ο -α 
ís с 
г» 
CU 
u 
Э en ta. 
ÇJ 
-с 
* 
SO 
С 
О 
E 
• η 
га 
"О 
S о 
ьо тэ 
υ -с 
° s 
-с s 
120 6. Punchthrough Measurements 
6.3.3 Angular Distribution of Punchthrough Muons 
The distribution in the angle of the tracks of penetrating muons with respect to the incident particle 
projected onto the bending plane (i.e the x—y plane of the RD5 coordinate system) at the reference 
depth of 10 λ is shown in figure 6.19 for three different momenta of the incident hadron The 
angular distributions are presented for the Ml magnet switched off (left) and at full field strength 
(right) and for three distinct momentum intervals of the secondary muons. The angular distribution 
data samples are identical to those used for the momentum distributions and have been corrected 
for analogously. The errors shown include the systematic errors from these corrections 
With the magnet not operational, the width of the angular distribution is determined by the 
hadronic processes in the calorimeter As expected, the distribution is narrower for higher mo­
menta. However, all distributions are slightly wider than expected from multiple scattering. The 
width of the angular distribution as a result of multiple scattering is approximately 30 mrad and 
15mrad for 10 and 20GeV/c momenta muons, respectively. For comparison, it can be deduced 
from figure 6 19 (left) that the width of penetrating muons in the RD5 detector is determined to be 
40 and 20 mrad for these momenta 
The effect of the magnetic field on the angular distribution can be clearly noticed as a widening 
in figure 6.19 (right). Moreover, also the asymmetry between negative and positive secondary 
muons (penetrating negative muons are defined to have negative bending angles) is distinguish­
able. As mentioned in section 6.3.2, the distribution for high momentum penetrating muons 
(10 — 20 GeV/c and 20 — 50 GeV/c) originating from first generation decays is strongly dependent 
on the momentum of the primary beam particle and, furthermore, more asymmetric. A possible 
explanation for the asymmetry being more pronounced for low momentum incident hadrons than 
for high momentum beams is that secondary particles with a high momentum originate from first 
generation decays, whereas the low momentum particles originate from second or higher order 
decays The angular distribution for a beam of 300 GeV/c incident momentum shows to be almost 
symmetric, since for such a high incident momentum the 50 GeV/c penetrating muons originate 
from second or higher generation decays. 
The angular distribution for low momentum penetrating muons (0 — 10GeV/c) is affected by 
the geometrical acceptance of the RD5 detector, which gives a cutoff at approximately 250 mrad. 
For the other two momentum intervals, for each incident beam momentum, the outer boundaries 
of the angular distributions are given by the lower momentum threshold of 10 and 20 GeV/c, 
respectively. The bending angles for muons at these momenta are 170 and 75 mrad. 
Finally, the angle in the transverse plane was measured and showed, as expected, no magnetic 
field dependence. 
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122 6. Punchthrough Measurements 
6.4 Summary and Conclusions 
The total punchthrough probability of hadron-mduced showers was measured at the RD5 experi­
mental setup The incident hadrons used were both negative and positive pions, positive kaons and 
protons with primary momentum ranging from 10 to 300 GeV/c. The punchthrough measurements 
extended to a depth of about 31 λ, farther than measured by previous experiments 
Furthermore, the momentum and angular distributions of highly penetrating (at least 20 λ) 
punchthrough muons was measured The momentum was determined for a reference plane 
at 10 λ. The momentum and angular distributions were corrected for inefficiencies in both the 
event selection and the muon reconstruction. 
The dominant error in the measurements was the uncertainty in the subtraction of the muon 
contamination in the hadron beam, especially the pion beams. The total punchthrough probability 
at the second and third muon stations. 3.49 and 5.29mFe
eq, respectively, are most sensitive to 
this background An appropriate systematic error was added reflecting the uncertainty in the 
background subtraction 
For the first time, the influence of a magnetic field (of 1.5 and 3 T) on hadronic punchthrough 
was experimentally investigated The observed reduction in the total punchthrough probability for 
an absorber depth less than 10 λ is predominately caused by low energy shower particles which 
curl back inside the TRACAL detector. On the other hand, the reduction in the total punchthrough 
probability for an absorber depth larger than 10 λ can be explained by deflection of particles outside 
the geometrical acceptance of the RD5 detector. 
Once corrected for the geometrical acceptance, no dependence on the magnetic field was 
observed for the momentum distribution of punchthrough muons, due to the high momentum 
threshold of the muon spectrometer. On the other hand, the angular and the spatial distribution of 
secondary muons did, as expected, show a dependence on the magnetic field. 
The measurements were compared with the results of a simulation of the RD5 detector using 
GEANT (version 3.21) and two different hadronic shower generators: GHEISHA and FLUKA. 
The GEANT energy thresholds used were (ι) 1 MeV for all particles types in the absorbers 
and («) lOkeV for photons and electrons in the sensitive volumes of the various detectors. 
The measured quantities, which include the total punchthrough probability, the lateral shower 
distribution and the shower particle multiplicity, were compared with the simulation. The general 
agreement between the simulation and all aspects of the punchthrough study in RD5, gives 
confidence that this GEANT-based simulation program can be used to make predictions for the 
design of LHC detectors. 
Moreover, also the momentum and angular distributions of punchthrough muons originating 
from pion-induced showers measured for different beam momenta, show a good agreement with 
the predictions of the GEANT/GEANE simulation package 
The asymmetry, strongly dependent on the momentum of the incident particle, can be ex­
plained by the fact that the number of high momentum secondary muons originate from first 
generation decays, of which there are only a few in low momentum collisions (hence, a more pro­
found asymmetry) and more in high momentum incident beams (leading to a more symmetrical 
distribution) 
Physical Constants 
Quantity Symbol, Equation Value Unit 
speed of light (vacuum) 
Planck constant 
Planck constant, reduced 
electron charge magnitude 
electron mass 
protron mass 
deuteron mass 
unified atomic mass unit 
с = ( ε 0 μ 0 Γ , / 2 
h 
ft = Η/2π 
e 
TTle 
TTVp 
ïïld 
U Ξ yjTTt I2f 
299 792458 
6 6260755(40) 10" 3 4 
1 05457266(63) 10" 3 4 
6 5821220(20) 10 2 2 
1 60217733(49) 10" ' 9 
0 510999 06(15) 
9 109389 7(54) 10"3 1 
938 27231(28) 
1 6276231(10) IO" 2 7 
1 007276470(12) 
1836 152701(37) 
1875 61339(57) 
931 49432(28) 
1 6605402(10) IO" 2 7 
ms ' 
Js 
Js 
MeVs 
С 
MeVc - 2 
kg 
MeVc - 2 
kg 
u 
m
c 
MeVc^2 
MeVc 2 
kg 
permittivity (vacuum) ε о 
permeability (vacuum) μο 
8 854187817 IO"'2 
4π10 7 
Fm ' 
NA" 2 
fine structure constant 
electron radius (classical) 
electron Compton wavelength 
scale energy 
α = е
2/4я£оНс 
т
е
 = е
2 / 4 п £ о т
е
с
2 
X
e
 = h./m
e
c = TtoC 
E
s
 = ( 4 я / « ) 1 / 2 т
е
с
2 
1/137 0359895(61) 
2 81794092(38) IO"15 m 
3 86159323(35) 10 1 3 m 
212051990(70) MeV 
Avogadro constant 
Boltzmann constant 
N A 
к 
6 0221367(36) IO23 
1 380658(12) IO" 2 3 
8 617385(73) 10 , 3 
mol"' 
ж-
1 
eVK ' 
Table АЛ Some physical constants [8] The figures m parenthesis after the values give 
the one standard deviation uncertainties m the last digits 
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Acronyms 
Abbreviation Explanation Additional information 
ADC 
ATLAS 
CAMAC 
CDF 
CERN 
CEDAR 
CMS 
CPU 
DAS 
DESY 
ECL 
EHS 
GEANT 
Analog-to-Digital-Converter 
A Tonodal LHC Apparatus 
Computer Aided 
Measurement & Control 
Collider Detector at FNAL 
Conseil Européen pour 
la Recherche Nucléaire 
Cerenkov Differental counter 
with Achromatic Ring focus 
Compact Muon Solenoid 
Central Processing Unit 
Data Acquisition System 
Deutsches 
Elektronen-SYnchrotron 
Emitter Coupled Logic 
European Hybrid Spectrometer 
GHEISHA 
FLUKA 
FNAL 
Gamma-, Hadron-, Electron-
Interaction SH(A)ower 
Fermi National 
Accelerator Laboratory 
An electronic unit which converts 
an anolog signal into a digital number 
A general-purpose detector for 
ρ — ρ interactions at the LHC 
A detector for ρ—ρ interactions 
at the Tevatron 
European Laboratory for Particle Physics 
(Geneva, Switzerland) 
A detector for ρ — ρ interactions at the LHC 
Research Center for Electron 
Synchrotron (Hamburg, Germany) 
Software package for detector simulation. 
The physical processes during the interactions 
between the high energetic particles and 
the detector material can be simulated. 
Software package for electromagnetic 
and hadromc shower simulation 
Software package for hadron production 
simulation. 
Laboratory with Tevatron accelerator 
(Batavia, Illinois, USA) 
continued on next page 
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continued from previous page 
Abbreviation 
FWHM 
H2 
HERA 
HSC 
L3 
LEP 
Explanation 
Full-Width-Half-Maximum 
Hadron beam #2 
Hadron-Elektron Ring Anlage 
Honeycomb Strip Chamber 
Large Electron Positron collidi 
LHC Large Hadron Collider 
LHC-B 
M1,M2 
MTD 
MWPC 
NA 
NIM 
PMMA 
PS 
RD5 
RMS 
RPC 
SiBT 
SPS 
T2 
TDC 
TRACAL 
TTB 
UA1 
VME 
VSB 
Magnet #1, 2 
Multiple-Time Digitizer 
Multi-Wire Proportional Chamber 
North Area 
Nuclear Instrumentation 
and Measurement 
PolyMethyl MethAcrylate 
Proton Sychrotron 
Research & Development #5 
Root-Mean-Square 
Resistive Plate Chamber 
Silicon Beam Telescope 
Super Proton Sychrotron 
Target #2 
Time-to-Digital-Converter 
TRAckmg CALonmeter 
Timing and Test Box 
Underground Area #1 
Versatile Modules Europe 
VME Subsystem Bus 
ZEBRA 
Additional information 
Beam line from the T2 target to the NA 
Hadron-Electron Ring Accelerator 
(facility at DESY) 
One of the four LEP detectors. 
The e"e + collider located at CERN, 
recently upgraded to LEP2 with a 
maximum centre of mass energy \/s = 192 GeV 
Collider under development, 
to be installed in the LEP tunnel. 
Dedicated B-physics detector at the LHC 
The EHS and absorber magnet, respectively 
Used in the RD5 detector 
(same principle as a TDC) 
Experimental site at CERN 
Standard pulse in nuclear 
physics experiments 
Scintillation Material 
One of the R&D groups to investigate 
LHC-related topics 
Beryllium target onto which, from 
SPS extracted, protons are guided 
TRACAL ADC readout control system 
Detector at the SppS collider, 
with which the intermediate vector bosons 
W* and Ζ were discovered in 1983 
Computer bus fitting into 
Euro-format mechanics. 
Software package for 
data structure management 
Table В 1 Explanation of the abbreviations used throughout this 
dissertation 
с 
Punchthrough Tables 
Total Punchthrough Probability Numerical Results Tabulated 
The tables below contain the results of measurements of the total punchthrough probability, i.e. 
Ppt(d) from equation (6 5), of hadron-induced showers as a function of absorber thickness in 
meters of iron equivalent, mFe
e q. The tabulated probabilities, also presented in figures 6 9 
through 6.13, are the results after all know muon backgrounds have been subtracted. The error 
given is the sum of the statistical error and an additional error, reflecting an uncertainty in sub­
tracting the muon background. The tabulated results have not been corrected for the RD5 detector 
acceptance. 
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Fe„q 
(m) 
0.15 
0.19 
O.B 
0.27 
0.31 
0.35 
0.39 
0.43 
0.47 
0.51 
0.55 
0.59 
0.63 
0.71 
0.79 
0.87 
0.95 
1.03 
1.11 
1.19 
1.27 
1.35 
1.43 
1.51 
1.59 
1.69 
2.29 
2.89 
3.49 
5.29 
30 
0.9969 ± 0.0002 
0.9939 ± 0.0003 
0.9901 ± 0.0004 
0.9846 ± 0.0004 
0.9779 ± 0.0005 
0.9705 ± 0.0006 
0.9595 ± 0.0007 
0.9423 ± 0.0008 
0.9224 ± 0.0009 
0.894 ± 0.001 
0.861 ± 0.001 
0.818 ±0.001 
0.767 ± 0.001 
0.701 ± 0.002 
0.632 ± 0.002 
0.544 ± 0.002 
0.443 ± 0.002 
0.329 ± 0.002 
0.260 ± 0.002 
0.216 ±0.001 
0.166 ±0.001 
0.124 ±0.001 
0.097 ±0.001 
0.0719 ±0.0009 
0.0423 ± 0.0007 
0.0250 ± 0.0005 
0.0051 ± 0.0003 
0.0018 ±0.0002 
0.0011 ± 0.0002 
0.0005 ± 0.0002 
π momentum (GeV/c) 
100 
0.99992 ± 0.00003 
0.99977 ± 0.00006 
0.99946 ± 0.00009 
0.9989 ± 0.0001 
0.9983 ± 0.0001 
0.9976 ± 0.0002 
0.9967 ± 0.0002 
0.9955 ± 0.0002 
0.9940 ± 0.0003 
0.9914 ± 0.0003 
0.9887 ± 0.0004 
0.9813 ±0.0005 
0.9723 ± 0.0006 
0.9564 ± 0.0007 
0.915 ±0.001 
0.871 ± 0.001 
0.806 ± 0.001 
0.739 ± 0.002 
0.691 ± 0.002 
0.610 ±0.002 
0.516 ±0.002 
0.417 ±0.002 
0.349 ± 0.002 
0.280 ± 0.002 
0.186 ±0.001 
0.122 ±0.001 
0.0283 ± 0.0006 
0.0077 ± 0.0004 
0.0036 ± 0.0003 
0.0015 ±0.0002 
300 
0.99998 ± 0.00003 
0.99997 ± 0.00003 
0.99987 ± 0.00006 
0.99965 ±0.00010 
0.9994 ± 0.0001 
0.9992 ± 0.0001 
0.9989 ± 0.0002 
0.9987 ± 0.0002 
0.9984 ± 0.0002 
0.9979 ± 0.0002 
0.9974 ± 0.0003 
0.9965 ± 0.0003 
0.9954 ± 0.0004 
0.9937 ± 0.0004 
0.9892 ± 0.0005 
0.9828 ± 0.0007 
0.9715 ±0.0009 
0.954 ± 0.001 
0.938 ± 0.001 
0.900 ± 0.002 
0.850 ± 0.002 
0.777 ± 0.002 
0.696 ± 0.002 
0.614 ± 0.003 
0.485 ± 0.003 
0.391 ± 0.002 
0.110 ±0.002 
0.0278 ± 0.0009 
0.0104 ±0.0006 
0.0040 ± 0.0004 
π
 f
 momentum (GeV 
100 
0.9990 ± 0.0001 
0.9965 ± 0.0002 
0.9926 ± 0.0003 
0.9880 ± 0.0004 
0.9852 ± 0.0005 
0.9838 ± 0.0005 
0.9820 ± 0.0005 
0.9803 ± 0.0005 
0.9786 ± 0.0006 
0.9760 ± 0.0006 
0.9733 ± 0.0006 
0.9662 ± 0.0007 
0.9576 ± 0.0008 
0.9422 ± 0.0009 
0.902 ± 0.001 
0.860 ± 0.001 
0.798 ± 0.002 
0.733 ± 0.002 
0.686 ± 0.002 
0.606 ± 0.002 
0.510 ±0.002 
0.419 ±0.002 
0.352 ± 0.002 
0.284 ± 0.002 
0.191 ±0.002 
0.121 ±0.001 
0.0276 ± 0.0008 
0.0068 ± 0.0005 
0.0030 ± 0.0004 
0.0013 ±0.0003 
Table C.5: Total punchthrough probabilities for 
incident π " particles at 30,100 and 300 GeV/c 
and π+ panicles at 100 GeV/c, with M1 = 15T. 
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Summary 
Elementan/ particle physics orhigh energy physics tries to understand nature at a fundamental level 
In order to study the tiniest building blocks of matter, this scientific discipline uses two types of 
instruments particle accelerators and particle detectors These instruments, especially due to the 
technological progress in their development, helped us to understand more and more about nature 
at its basic level To our present-day knowledge all matter is built up from particles, so-called 
fermions, which supposedly have no substructure The four fundamental interactions (forces) 
between these fermions are mediated by force carrying particles or propagators Nowadays, 
the so-called Standard Model incorporates the theories which describe the fermions and their 
interactions 
This Standard Model, which is briefly presented in the first chapter, still awaits its ultimate 
confirmation the direct experimental observation of the Higgs boson In order to reach this goal, 
the construction of the Large Hadron Collider (LHC) along with at least two detectors (ATLAS and 
CMS) is planned In the search for the Higgs boson in the intermediate and high mass range, the 
decay into four muons is the favourable channel A potential problem anses due to the existence 
of background of physics processes which have the same experimental signature and thus easily 
fake the Higgs into four muons decay The Higgs boson decays with their experimental signatures, 
some sources of background, and a description of the LHC and its detectors ATLAS and CMS, 
are the subject of chapter 2 
The technical effort involved in building the LHC is enormous Moreover, new detection 
techniques are needed to study the collision processes at this accelerator The Honeycomb Strip 
Chamber (HSC) is such a new particle detector The HSC is an example of a proportional drift 
tube, ι e a type of gas amplification detector A charged particle can be detected in such a device 
because it ionizes the gas along its flight path In chapter 3, the principles of the drift of ionization 
electrons under the influence of an applied electric field, and the amplification process of these 
electrons close to the anode wire will be used to give an insight into the concepts of the HSC 
Although the HSC technology primarily was developed to be used as a muon detection system 
at the LHC, the technology has shown to be very flexible and versatile For instance, the diameter 
of the HSC cell can easily be adapted (from a few to at least 20 mm), and since the design is 
modular, both single- and multi-layer HSCs can be constructed Furthermore, the HSC offers 
the possibility of a second coordinate, by means of optional segmented cathode (strip) readout, 
orthogonal to the one obtained from the anode wires 
In order to investigate processes important to the muon detection system of LHC experiments, 
the RD5 collaboration (one of the many research and development projects investigating new 
technologies to meet the heavy experimental requirements of the LHC) was formed In the 
framework of this collaboration the so-called Tracking Calorimeter (TRACAL) was designed and 
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constructed. It is a sampling calorimeter consisting of 25 sensitive single-layer HSCs interleaved 
with stainless steel absorber plates, and, therefore, capable to determine the energy of a (subatomic) 
particle or of a shower of such particles. Moreover, it provides spatial information and particle 
identification. The principles of calonmetry in general and TRACAL in particular are discussed 
in chapter 4 
The RD5 experimental setup into which the TRACAL detector was integrated is presented in 
chapter5 A major aspect of muon detection studied with this setup (simulating a portion of a typical 
LHC detector) was the investigation of the behaviour of muons from hadronic punchthrough, 
hadronic decays and that of prompt muons in an absorber The topics of special interest were-
(j) the total punchthrough probability measurements of hadronic showers, (н) the measurement of 
the angular and momentum distributions of punchthrough muons, (IH) the possible reduction of 
punchthrough effects by strong magnetic fields. 
Measurements were performed with negative pions and with positive pions, kaons and protons, 
with incident momenta in the range 10 — 300 GeV/c. The results of these measurements are 
presented in chapter 6 Great care was given to the corrections for event selection and muon 
reconstruction inefficiencies The most important uncertainty in the determination of the total 
punchthrough probability turned out to be the (unknown) muon contamination of the incident 
hadron beams In particular the punchthrough results for the detectors at large depth in the RD5 
setup were sensitive to such background An appropriate estimate of its effect has been included 
in the systematic uncertainty quoted for the punchthrough results 
Effects of the magnetic field were only observed for low momentum incident hadrons at a 
small absorber depth, when low energy shower particles start curling m the TRACAL detector. At 
a larger depth, a reduction in the punchthrough probability is observed, which can be explained by 
particles being deflected outside the RD5 detector acceptance Once corrected for this geometrical 
effect, no dependence on the magnetic field was observed for the momentum distribution of 
punchthrough muons. 
In contrast to the total punchthrough probability, the angular and the spatial distribution of 
secondary muons did show a dependence on the magnetic field An asymmetry was observed 
between muons with the same charge as the incoming hadron and with muons with opposite 
charge. This asymmetry, strongly dependent on the momentum of the incident particle, could 
be explained by the fact that the number of high momentum secondary muons originate from 
first generation decays, of which there are only a few in low momentum collisions (hence, a more 
profound asymmetry) and more in high momentum incident beams (leading to a more symmetrical 
distribution). 
Main conclusion from the punchthrough studies is that they tum out to agree reasonably well 
with extrapolations from existing simulation packages For practical purposes, e g the design of 
LHC detectors, the application of these programs is therefore justified. 
Samenvatting 
Elementaire deeltjesfysica of hoge-energiefysica probeert de natuur te begrijpen tot op zijn meest 
fundamentele niveau. Om de kleinste bouwstenen van de materie te kunnen onderzoeken maakt dit 
wetenschappelijk vakgebied gebruik van: deeltjesversnellers en deeltjesdetectoren. In de namen 
van deze apparatuur zit al enigszins hun toepassing verscholen. Een deeltjesversneller zal deeltjes 
naar een hogere snelheid stuwen (versnellen) en er op een bepaald moment voor zorgen dat deze 
deeltjes met hele hoge snelheid op elkaar botsen. Een deeltjesdetector neemt waar (detecteert) 
welke (nieuwe) deeltjes in deze botsingen ontstaan en hoe sommige instabiele, kortlevende deeltjes 
daarna weer vervallen. 
Dankzij de technologische ontwikkelingen, hebben deze instrumenten ons de afgelopen decen-
nia in staat gesteld om meer en meer van de natuur, op het niveau van de kleinste samenstellende 
deeltjes, te begrijpen. Volgens de huidige inzichten is alle materie - bijv. hout, ijzer, water, de 
lucht, de aarde, de maan, de zon, dit boekje dat u net doorkijkt, uzelf - opgebouwd uit deeltjes die 
'fermionen' worden genoemd en die, voorzover we nu weten, niet verder deelbaar zijn. Ondanks 
het feit dat deze deeltjes onmeetbaar klein zijn, manifesteren ze zich zeer duidelijk. Ze oefenen 
namelijk krachten op elkaar uit, of anders gezegd: er vinden interacties plaats. Deze krachten, 
waarvan er vier bestaan, worden via zogenoemde 'boodschappers' of 'bosonen' tussen fermionen 
uitgewisseld. Het is mogelijk gebleken om voor deze deeltjes en hun krachtenspel een wiskundig 
model op te stellen: het zogeheten Standaard Model. 
Het Standaard Model, waarvan u in hoofdstuk 1 een korte samenvatting terugvindt, is echter 
nog in afwachting van zijn ultieme bevestiging. In dit model komt een deeltje voor dat nog niet werd 
gevonden, het Higgs-boson. Dit boson is van vitaal belang: het geeft massa aan de andere deeltjes. 
Om dit deeltje te zoeken, en hopelijk experimenteel aan te tonen, zal een nieuwe deeltjesversneller 
worden gebouwd. Het ontwerp van deze versneller, de Large Hadron Collider (LHC) en twee 
deeltjesdetectoren (ATLAS en CMS), bevindt zich in een vergevorderd stadium. In het grootste 
deel van het massagebied waar we het Higgs-boson zouden mogen verwachten, biedt het verval 
van dit Higgs-boson naar vier muonen (een muon is een type fermion) een redelijk herkenbare 
"vingerafdruk" om het Higgs-deeltje aan te tonen. Een potentieel probleem dient zich echter 
direct aan. Helemaal uniek is deze vingerafdruk niet: er bestaan andere fysische processen die het 
4-muon verval van het Higgs-boson maskeren. Een aantal vervalsmogelijkheden van het Higgs-
deeltje en hun vingerafdruk, en een aantal mogelijke achtergrondprocessen met een soortgelijke 
vingerafdruk, worden, tesamen met een beschrijving van de LHC en de detectoren ATLAS en 
CMS, besproken in hoofdstuk 2. 
De technologische inspanning die gepaard gaat met het bouwen van een versneller als de 
LHC is enorm. Aangezien de huidige deeltjesdetectoren ongeschikt zijn om de botsingsprocessen 
bij deze versneller waar te nemen, zijn er bovendien nieuwe detectortechnologieën noodzakelijk. 
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De Honeycomb Strip Chamber (HSC) is zo'n deeltjesdetectie-techniek. De HSC (of misschien 
makkelijker, 'de honingraatkamer') is een voorbeeld van een proportionele dnftbuis, of anders 
gezegd, een soort gasversterkings-detector Een elektrisch geladen deeltje kan met behulp van 
dit soort instrumentatie waargenomen worden omdat dit deeltje op zijn pad het aanwezige gas 
ioniseert, dat wil zeggen dat er zo nu en dan een botsing plaats vindt met een gasmolecuul 
waarbij er een elektron wordt vrijgemaakt. De principes van de beweging van deze vrijgemaakte 
elektronen, onder de invloed van een aangebracht elektrisch veld, en het gasversterkings-proces 
van de elektronen worden beschreven in hoofdstuk 3 Op basis van deze principes wordt tevens 
een inzicht gegeven in het functioneren van de HSC. 
In eerste instantie is de HSC technologie ontwikkeld om gebruikt te worden als het muondetectie-
systeem van een LHC detector. Deze technologie heeft echter te bewezen om zeer flexibel en 
veelzijdig te zijn. De diameter van een HSC kan bijvoorbeeld zeer eenvoudig aan een benodigde 
situatie worden aangepast. Tevens kunnen er zowel HSC's worden gebouwd met een enkel- al s wel 
met een meervoudige gelaagdheid. Door het uitlezen van een mogelijk gesegmenteerde kathode 
(strippen), biedt de HSC daarnaast de mogelijkheid om een tweede positiemeting te verrichten, 
loodrecht op de positiemeting die verkregen wordt door de uitlezing van de anode draden. 
Bij het Europese Laboratorium voor Deeltesfysica (CERN) is de RD5 collaboratie gevormd om 
onderzoek te verrichten naar processen die belangrijk zijn voor het muondetectie-systeem van een 
LHC detector. Dit samenwerkingsverband tussen diverse instituten en universiteiten is één van de 
vele 'Research' en 'Development' projecten die nieuwe technologien uittest die mogelijk voldoen 
aan de hoge eisen van de LHC versneller. In het kader van RD5 werd de zogenoemde Tracking 
Calorimeter (TRACAL) ontworpen en gebouwd. Met behulp van deze detector kan van een 
deeltje zowel het pad als zijn energie worden gemeten. De TRACAL detector is opgebouwd uit 25 
enkellaags HSC's, die dienen als gevoelige laag, afgewisseld met stalen platen. De principes van 
calorimetrie in het algemeen en van TRACAL in het bijzonder worden behandeld in hoofdstuk 4 
De experimentele opstelling van RD5 waann de TRACAL detector stond opgesteld wordt 
beschreven in hoofdstuk 5. Met behulp van deze experimentele opstelling, die overigens een 
segment van een typische LHC detector nabootst, is een belangrijk aspect voor muondetectie 
onderzocht het gedrag van hadronische punchthrough. Een hadron is een deeltje dat opge-
bouwd is uit een bepaald type fermionen. Punchthrough lijkt het best vertaald te kunnen worden 
met "doorstoten", al gaat de vergelijking met biljarten mank gezien het feit dat in dit laatste 
geval dezelfde bal na een (bijna) centrale botsing voortrolt, terwijl in het geval van hadronische 
punchthrough een ander, nieuw gevormd deeltje (muon) na een botsing ontstaat. Bij dit onder-
zoek naar punchthrough muonen is speciale aandacht besteed aan: (j) de meting van de totale 
punchthrough waarschijnlijkheid van hadronische interacties, (и) de meting van de hoek- en snel­
heidsverdelingen van de punchthrough muonen, (in) het mogelijk terugdringen van punchthrough 
effecten door het aanbrengen van een sterk magnetisch veld. 
De resultaten van deze metingen worden gepresenteerd m hoofdstuk 6. De metingen zijn 
uitgevoerd door een aantal verschillende soorten bundel deeltjes op de RD5 opstelling "af te 
vuren" met een energie ("snelheid") variërend van 10 tot 300 GeV. Tijdens de analyse van de 
metingen is zeer zorgvuldig gecorrigeerd voor het uitzoeken van de juiste botsingen en voor het niet 
volledig effectief reconstrueren van een muon spoor Het is gebleken dat de grootste onzekerheid 
in de bepaling van de totale punchthrough waarschijnlijkheid wordt veroorzaakt het onbekende 
aantal muonen dat in de gebruikte bundel van hadronen aanwezig was. Speciaal de punchthrough 
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resultaten voor de deeltjesdetectoren aan het eind van de RD5 opstelling waren gevoelig voor 
deze bundelvervuiling. Er is een afschatting gemaakt voor het effect van deze achtergrond, welke 
vervolgens verwerkt is in de aangegeven systematische fouten van de punchthrough resultaten. 
De aanwezigheid van een magneetveld bleek alleen effect te hebben op hadronen die met lage 
snelheid (impuls) de RD5 detector binnenkwamen. Op geringe diepte in de TRACAL detector 
gingen laag-energetische botsingsprodukten namelijk ronddraaien. Op grotere diepte werd een 
afname in de punchthrough waarschijnlijkheid waargenomen. Deze afname kan worden verklaard 
doordat geladen deeltjes, juist door het aanwezige magneetveld, buiten het gevoelig volume van 
de RD5 detector worden afgebogen. Indien er gecorrigeerd werd voor dit effect werd er geen 
afhankelijkheid van het magnetisch veld meer aangetroffen. 
In tegenstelling tot de totale punchthrough waarschijnlijkheid, lieten zowel de hoek- als de 
plaatsverdeling van de, bij botsingsprocessen, ontstane muonen een duidelijke afhankelijkheid 
zien van het magneetveld. Er werd een asymmetrie waargenomen tussen muonen met dezelfde 
elektrische lading als het binnenkomend hadron, en muonen met een daaraan tegengestelde lading. 
Deze asymmetrie kan worden verklaard indien men het aantal ontstane hoog-energetische muo-
nen in ogenschouw neemt. Deze muonen zijn afkomstig van eerste-generatie vervalsprocessen, 
waarvan er maar een paar gevormd worden in botsingsprocessen veroorzaakt door hadronen met 
een lage binnenkomende snelheid (en dus een duidelijke asymmetrie tot gevolg hebbend). In 
botsingsprocessen waarbij het binnenkomende deeltje een hoge beginsnelheid bezit, zal het aantal 
hoog-energetische muonen afkomstig van eerste-generatie vervalsprocessen beduidend groter zijn, 
hetgeen zal leiden tot een meer symmetrische verdeling. 
De belangrijkste conclusie die kan worden getrokken uit het punchthrough onderzoek is dat 
de gevonden resultaten goed overeenkomen met extrapolaties op basis van vervalsprocessen van 
bestaande simulatiepakketten. Voor praktische toepassingen, zoals bijvoorbeeld het ontwerp 
van LHC detectoren, kan daarom worden gesteld dat het gebruik van deze rekenprogramma's 
gerechtvaardigd is. 
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